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Abstract 
 
Throughout the tropics, deforestation and agricultural expansion has led to the creation of 
highly heterogeneous countryside landscapes, comprising a mosaic of forest fragments 
surrounded by human-dominated land use.  Within the last century, an increase in 
unsustainable agricultural practices has seen many crop and pastoral land abandoned.  Over 
time, these abandoned pastures, termed “old-fields” can and do redevelop into secondary 
forests via successional processes.  However, successional trajectories within old-fields can 
vary widely, influenced by numerous biotic and abiotic factors occurring over various 
temporal and spatial scales.  This variability has driven the development of restoration 
approaches that aim to overcome the many barriers that can impede forest recovery, yet 
many of these approaches fail to achieve the desired outcome.  Thus, identifying factors that 
can impact successional process under distinct restoration approaches are needed to better 
promote and predict forest recovery with old-fields.  
 
In this thesis, I examine the role of multiple factors that influence early-stage forest recovery 
in old-fields.  Using old-fields in fragmented tropical countryside landscapes in Australia, 
Nigeria and Colombia, I investigate a suite of biotic and abiotic factors known to impact 
seed dispersal and seedling establishment under passive and active restoration scenarios, 
respectively.  This thesis is composed of six chapters.  The first chapter presents a general 
introduction, which sets this thesis within the wider perspective of early-stage tropical forest 
recovery within old-fields and presents the rationale for experiments conducted within the 
four data chapters (2 – 5).  Chapters 2 and 3 are quantitative assessments of seed dispersal 
within old-fields, specifically determining the influence of the range and extent of 
surrounding forest and matrix vegetation upon seed rain patterns.   Chapters 4 and 5 report 
on seedling performance during the first three years of a restoration planting experiment, 
and investigate factors that influence seedling survival and growth, respectively.  Chapter 6 
concludes this thesis, which connects the data chapters, and proposes questions for future 
research.  
 
Overall, my results demonstrated that early-stage forest recovery within old-fields is 
influenced by numerous landscape and species-scale factors. Seed dispersal patterns within 
	 iii	
old-fields were driven by the structure and extent of surrounding woody vegetation, 
displaying a strong negative relationship with distance from adjacent forest fragments.  
Notably, the area of woody vegetation within old-fields consistently influenced seed 
dispersal patterns under isolated pasture trees across four distinct global tropical regions.  
Seedling survival and growth rates were also influenced by landscape-scale factors, such as 
topographical slope and proximity to adjacent forests, yet the strength of these effects on 
survival and growth varied over time and with seedling size, respectively.  Both seedling 
survival and growth rates were dependent on species’ wood density, with low wood dense 
species suffering higher mortality, yet displaying faster growth rates, with the opposite 
observed for species with high wood density.    
 
Tropical forest recovery in old-fields is dependent on many complex processes.  This thesis 
provides important empirical information that identifies barriers influencing early 
successional processes in tropical old-fields under passive and active restoration approaches.  
In sum, the results from this thesis contribute substantially to our understanding of early 
forest recovery within tropical old-fields, offer a much-needed comparative assessment of 
factors affecting passive forest recovery between global tropical regions and provides results 
useful for guiding management decisions regarding restoration approaches.
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Chapter 1: General introduction 1 
 2 
This thesis is composed of six chapters, four of which (Chapters 2 – 5) are based on data 3 
collected primarily by myself and are intended for publication.  As such, data chapters can 4 
be viewed as stand-alone studies, yet as a collection they form a body of work that furthers 5 
our understanding of seed dispersal and seedling establishment dynamics during early-stage 6 
forest recovery.  This chapter presents a general introduction, which sets this thesis within 7 
the wider perspective of early-stage tropical forest recovery within abandoned pastures 8 
(hereafter referred to as “old-fields”).   Chapter 6 concludes this thesis with an overall 9 
discussion that connects the data chapters, forming an overall picture of early successional 10 
processes within old-fields and presents suggestions for future research.  11 
 12 
Tropical countryside landscapes 13 
Across our planet’s tropical regions, around 6 million hectares of forest are converted to 14 
agricultural land per year (Achard et al. 2002). The increasing rate of tropical deforestation 15 
coincides with expanding agricultural systems, with the demand for grazing and agricultural 16 
land seeing a global area increase of 50% within the last century (Turk 2008).  Land use is 17 
now considered the principal driver affecting tropical ecosystems worldwide (Sala et al. 18 
2000), with deforestation threatening the existence of these ecosystems, the species they 19 
support and their resilience to future natural and anthropogenic changes (Kappelle et al. 20 
1999, Corlett 2013).  Deforestation has led to the creation of forest fragments (Whitmore 21 
1997, Cramer et al. 2007), embedded within a matrix of agricultural and grazing lands, 22 
resulting in a highly heterogeneous countryside landscape matrix (Perfecto et al. 2009).  23 
Decreases in forest cover has seen a loss of both habitat and species diversity (Lees and 24 
Peres 2008), coupled with interruptions of valuable ecosystem services (Daily and Matson 25 
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2008), via severe soil erosion (Pimentel and Kounang 1998) and the disruption of 26 
hydrological systems (Dudley 2005).  Further, deforestation contributes around 6-17% of 27 
global anthropogenic CO2   emissions (Baccini et al. 2012) , and is known to alter nutrient 28 
cycling regimes within tropical landscapes (Tilman et al. 2001).  29 
 30 
Tropical forest recovery 31 
Deforestation, unsustainable agricultural practices (Altieri 1987) and loss of soil fertility 32 
(Stocking 2003) have seen many agricultural and grazing pastures quickly exhausted and 33 
abandoned over the last century (Myster 2008).  Over time, many of these so called “old-34 
field” systems do recover, due to plant propagules from surrounding vegetation (termed seed 35 
rain) initiating vegetative successional processes, forming secondary forests (Brown and 36 
Lugo 1990, Chazdon 2014).  Secondary forests occupy large areas of tropical landscapes, 37 
change at a rapid rate and may be floristically and structurally different to that of 38 
surrounding primary forest (Clark 1996, Dent and Wright 2009).    39 
 40 
Secondary forests starting from old-fields are heavily influenced by multiple processes, 41 
occurring over various temporal and spatial scales, including: existing site conditions (Holl 42 
1999, Guariguata and Ostertag 2001), dispersal dynamics (Aide and Cavelier 1994, 43 
Wunderle Jr 1997, Wijdeven and Kuzee 2000), species’ life history strategies (Poorter and 44 
Rose 2005, Wright et al. 2010, Martínez-Garza et al. 2013a) and competitive interactions 45 
(Tilman 1994, Niklas et al. 2003).  The mechanisms that determine the vegetative 46 
composition of secondary forests are extremely complex and there is little evidence that 47 
succession follows generalizable rules in tropical systems (Norden et al. 2015).  Over similar 48 
timeframes, tropical succession can result in structurally complex and diverse forests, to 49 
fields dominated by exotic weed and herbaceous species (Cramer et al. 2008), with these 50 
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pathways typically diverging during the early-stages of forest recovery (Connell and Slatyer 51 
1977).   52 
 53 
This unpredictability has driven the development of restoration approaches that aim to 54 
overcome the many barriers that can impede forest recovery and reduce outcome variability 55 
(Lamb et al. 2005).  Currently, forest restoration within old-fields generally follow one of 56 
two methods, passive (or natural) and active restoration (Florentine and Westbrooke 2004b, 57 
Holl and Aide 2011), with the success of each dependent on understanding the many biotic 58 
and abiotic factors that can influence the dominant processes driving each method: species 59 
colonization and establishment, respectively (Rees et al. 2001, Chazdon 2014).  The main 60 
focus of this thesis is identifying factors that influence early-stage forest recovery within 61 
old-fields.  Using old-fields in fragmented tropical countryside landscapes in Australia, 62 
Colombia and Nigeria as study systems, I investigate a suite of biotic and abiotic factors 63 
across multiple temporal and spatial scales known to impact seed dispersal (Chapters 2 – 3) 64 
and seedling establishment (Chapters 4 – 5) under passive and active restoration scenarios, 65 
respectively.   66 
 67 
Passive forest restoration (Chapters 2 and 3) 68 
Central to the theory of passive restoration are the pathways by which plants can establish in 69 
old-fields.  Following abandonment, natural forest recovery within old-fields is thought to 70 
start with seedlings emerging from the soil seed bank or seed rain arriving from surrounding 71 
vegetation via wind, gravity or animals (McDonnell 1986, Dosch et al. 2007, Martínez-72 
Garza et al. 2009).  Importantly, while many shrub, forb and weed species are capable of 73 
regenerating from seed banks (Uhl 1987) many tropical forest tree species do not persist in 74 
pasture soil seed banks (Holl 1999, López-Toledo and Martínez-Ramos 2011).  Therefore, 75 
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seedlings establishing from seeds dispersed from surrounding sites are considered key to 76 
driving the trajectory of succession in tropical old-fields (Holl and Kappelle 1999, Howe 77 
and Miriti 2004). 78 
 79 
The ability of seeds to disperse into old-fields is heavily influenced by both landscape and 80 
species dynamics.  In fragmented systems, environmental features of matrix habitats 81 
(patches of non-forest vegetation in fragmented landscapes) have been shown to directly 82 
impact the abundance and richness of seed entering old-fields (Wunderle Jr 1997, Slocum 83 
and Horvitz 2000).  The floristic (Howe and Smallwood 1982) and structural (Nathan and 84 
Muller-Landau 2000) composition of neighbouring vegetation, together with the proximity 85 
of a seed source (Thebaud and Strasberg 1997, Guariguata and Ostertag 2001) can all 86 
influence the amount of seed dispersed into old-fields.  Chapter 2 of this thesis addresses 87 
these relationships, investigating whether and how the structure and size of tropical forest 88 
fragments impact upon patterns of seed rain entering old-fields.  89 
 90 
With the majority of tropical forest plant species being dispersed by animals (Howe and 91 
Smallwood 1982), factors affecting the behaviour of animal seed dispersers can also have 92 
significant impacts on the trajectory of succession within old-fields (Guevara et al. 1986, 93 
Ganade 2007, Myster and Hooper 2008). For example, it has been demonstrated that the 94 
details of forest and matrix patches can alter avian movements and behaviour due to habitat 95 
preferences (Galindo-Gonzalez et al. 2000, Levey et al. 2005) and resource availability 96 
(Herrera et al. 2011b, Moran and Catterall 2014).  Specifically, the composition of 97 
vegetation within old-fields during both early and late stages of succession is considered an 98 
important determinant in avian seed dispersal events (Chapman and Chapman 1999, Slocum 99 
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2001), with McDonnell and Stiles (1983) observing that the number of bird-dispersed seeds 100 
in old-fields is directly related to vegetation structure within and around the deposition site.   101 
 102 
Common features within many tropical old-fields are isolated pasture trees, which are 103 
widely considered to play a role in passive recovery of such landscapes by acting as islands 104 
of habitat for seed dispersing animals within the matrix.  These isolated trees attract seed 105 
dispersing animals and can also provide favorable microclimates for seedling establishment 106 
under their canopies (Guevara et al. 1986), acting as both a seed concentration site and 107 
facilitate seedling establishment, creating “nuclei” of vegetative regeneration radiating 108 
outward over time (Yarranton and Morrison 1974).  However, past research has produced 109 
conflicting results in trying to explain variation in seed rain patterns under their canopies, 110 
with disparities generally thought to relate to variation in the factors that influence seed 111 
dispersers, within local, landscape and regional scales.  Unique differences in floral and 112 
faunal composition between tropical regions may also explain this variation, yet 113 
comparative studies between tropical regions are surprisingly limited (Corlett and Primack 114 
2006).  Chapter 3 of this thesis examines the importance of landscape and biological factors 115 
impacting seed dispersal under isolated pasture trees in tropical fragmented landscapes in 116 
Australia, Nigeria and Colombia.  117 
 118 
Active forest restoration (Chapters 4 and 5) 119 
Active restoration approaches are essentially used to ‘jump start’ succession, by bypassing 120 
early successional stages (and associated barriers) and directing succession along desirable 121 
trajectories (Goosem and Tucker 1995, Young et al. 2001).  Plantation approaches are the 122 
most common approach of active restoration, typically planting large numbers of seeds or 123 
seedlings to maximize potential forest areas (Lamb et al. 2005); further evolution of the 124 
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plantation approach has seen various methods such as Framework restoration (using species 125 
that are considered ecosystem building blocks), the Maximum diversity method (to maximize 126 
species diversity) and applied nucleation (using clumps of planted species, wherever native 127 
ground cover species occur)  developed on the basis of the many successional processes and 128 
trajectories observed in old-fields (Goosem and Tucker 1995, Lamb and Erskine 2008, 129 
Corbin and Holl 2012).    130 
 131 
Despite the abundance of reforestation theories and approaches currently used in Australia 132 
and other tropical regions, many restoration projects have failed to reach a desired end point 133 
(Lamb and Erskine 2008).  Unsurprisingly, factors that can impact seedling establishment 134 
and growth rates after planting are largely identical to those affecting natural successional 135 
process.  It is, however, increasingly clear that manipulation of species composition and 136 
density within plant regimes can mitigate the extent of these impacts on seedling 137 
establishment (Florentine and Westbrooke 2004a).  The early stage of seedling 138 
establishment (typically between 1 - 5 years) is a strong predictor of mid-term trajectories of 139 
forest recovery within old-fields (Martínez-Garza et al. 2013a), with seedlings highly 140 
susceptible to biotic and abiotic influences, which can be exacerbated by post-planting stress 141 
and reduced fitness of seedlings (Burdett 1990), further lowering their resilience and 142 
survival (Khurana and Singh 2002).  Using data collected from a large replicated planting 143 
experiment, Chapter 4 investigates how important are planting conditions, functional traits 144 
and both site and landscape environmental factors to early-stage seedling survival and 145 
assesses the strength of these influences over time.  Likewise, Chapter 5 identifies species 146 
(both individual and local neighbourhood composition), site and landscape factors that 147 
influence early-stage seedling growth.  148 
 149 
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Chapter 2:  Rainforest seed rain into abandoned tropical Australian pasture is 150 
dependent on adjacent rainforest structure and extent 151 
 152 
Introduction 153 
 154 
Throughout the tropics, abandoned pastures can and do redevelop into secondary rainforest 155 
communities (Brown and Lugo 1990, Chazdon 2008b, Myster and Hooper 2008). Forest 156 
recovery within abandoned pastures may be impacted by factors such as land use history 157 
(Chazdon 2003, Holl 2007), time since abandonment (Uhl et al. 1988, Aide et al. 2000) and 158 
proximity to surrounding forest patches (Holl et al. 2000, Cubiña and Aide 2001).  Multiple 159 
studies have found propagule dispersal (termed seed rain) from surrounding vegetation into 160 
recovery sites to be important to secondary forest development (Connell and Slatyer 1977, 161 
Chazdon 2003) due to links with rates of seedling establishment in abandoned pastures (Holl 162 
and Kappelle 1999, Muller-Landau et al. 2002).   163 
 164 
While seed dispersal is known to be strongly influenced by landscape factors and species 165 
dynamics (Howe and Smallwood 1982, Cousens et al. 2008), few studies have examined 166 
how tropical seed rain into abandoned pastures is impacted by the structural complexity 167 
(such as canopy cover, tree height, tree density and richness) of adjacent forest.   Variation 168 
in the structural complexity of forest stands has been shown to influence both wind (Nathan 169 
et al. 2002) and animal (Herrera et al. 2011b) dispersed seed within their boundaries. For 170 
example, decreasing wind velocity in dense forest stands can decrease dispersal distance of 171 
wind dispersed seed (Thiede and Augspurger 1996), while Thomson et al. (2011) observed a 172 
positive correlation between tree height and dispersal distance for wind dispersed seed.   173 
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Further, differences in forest canopy cover have also influenced seed dispersal driven by 174 
frugivorus bird behaviour (Wenny and Levey 1998).  175 
 176 
Past studies of seed dispersal into abandoned pasture have focused on seed diversity, 177 
abundance and directional patterns of seed rain due to the behaviour or characteristics of 178 
seed dispersal vectors (Hooper et al. 2005).  Much less is known about how the size and 179 
structural complexity of rainforest fragments impacts seed rain into adjacent abandoned 180 
pasture.  Such information may be particularly important in tropical regions where 181 
secondary regrowth is more common than primary rainforest given the known structural and 182 
diversity differences between primary and secondary rainforests (Dent and Wright 2009). 183 
 184 
It is well known that a variety of factors can affect the extent and composition of seed rain.  185 
Seed morphology, life history strategies and seasonal differences in fruiting phenology can 186 
all impact the spatial distribution of seeds of individual species (Howe and Smallwood 1982, 187 
Howe and Miriti 2004).  Furthermore, species composition and vegetation structure of 188 
matrix habitats (non-forest patches in fragmented landscapes) can influence seed dispersal 189 
from forests into those matrix environments (Thebaud and Strasberg 1997, Willson and 190 
Traveset 2000). Seed rain in fragmented landscapes is also often heavily influenced by 191 
animal dispersers, which have variable responses to matrix environments (Antongiovanni 192 
and Metzger 2005, Herrera et al. 2011a).  For example, the typical lack of woody vegetation 193 
in abandoned pastures (Myster 2004) can limit animal dispersed seed (Guariguata and 194 
Ostertag 2001), compared to sites containing structured woody regrowth or weedy 195 
vegetation (Estrada et al. 1993, Holl 2002, Pejchar et al. 2008) with decreasing animal 196 
movement arising from a lack of resources and protective cover (Howe and Smallwood 197 
1982, Slocum 2000).  198 
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With the majority of research on seed dispersal into abandoned tropical pasture occurring in 199 
the Neotropics, successional processes are less well understood in tropical Australia, 200 
especially succession starting from pasture.  The few studies of seed rain in Australian 201 
rainforests have focused on animal behaviour (Laurance 1994, Moran et al. 2004), floristic 202 
differences between pasture and remnant rainforests (Willson and Crome 1989) and 203 
revegetated pasture sites (White et al. 2004).  To date, there have been no studies in 204 
Australia’s Wet Tropics of seed rain in relation to adjacent forest diversity and structure.  205 
 206 
Here we present an assessment of seed rain from Australian rainforest into a typical 207 
abandoned pasture.  We examine whether the extent of adjacent forest structure and 208 
composition relates to the distribution and abundance of seed rain entering abandoned 209 
tropical pasture.  The specific questions we ask are: (1) How diverse and abundant are 210 
rainforest seeds entering adjacent abandoned pasture, and how do these patterns change with 211 
distance from forest edge? (2) Do differences in rainforest vegetative structure and 212 
composition influence the diversity and abundance of seed rain in adjacent abandoned 213 
pasture? (3) Does variation in the amount of adjacent forest influence seed rain diversity in 214 
adjacent abandoned pasture? and (4) Does the diversity and abundance of natural seedling 215 
recruits found within the abandoned pasture correspond to the diversity and abundance of 216 
species found in the seed rain?  217 
 218 
Based on findings from similar systems in the Asian-Pacific tropic regions (Willson and 219 
Crome 1989, Ingle 2003) and the Neotropics (Holl et al. 2000, Martínez-Garza et al. 2009, 220 
Howe et al. 2010), we predicted that wind-dispersed seed would be more abundant, but less 221 
species rich than animal-dispersed seed in abandoned pasture due to low abundances of 222 
animal dispersers moving between forest and pasture habitats (Holl 1999, Martini and 223 
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Santos 2007).  We also expected that seed rain patterns would follow the commonly 224 
observed leptokurtic distribution of seed, where seed rain richness and abundance decrease 225 
with increasing distance away from rainforest edge (Wijdeven and Kuzee 2000, Muller-226 
Landau et al. 2002).  Because Australian tropical rainforest remnants are all impacted to 227 
varying degrees by anthropogenic disturbance such as understory grazing (Congdon and 228 
Harrison 2009) and selective logging (Vanclay 1990) and large-scale natural disturbance 229 
such as cyclones (Metcalfe et al. 2008), we expected that they might be more degraded than 230 
due to edge effects alone.  As such, we predicted that the diversity of seed reaching pastures 231 
would also depend on a variety of remnant ‘quality’ factors, such as plant species diversity, 232 
stem density and total area, which are all expected to positively relate to potential seed 233 
sources (Willson and Traveset 2000).  Seed from wind dispersed rainforest species may, 234 
however, be more abundant in pastures bordering less structurally complex, more ‘open’ 235 
rainforest because wind-dispersed seed movements are related to wind velocity, which tends 236 
to be higher in more open forests (Dellwik et al. 2014).  This pattern may be further 237 
amplified by the prevalence of early successional wind dispersed species in degraded forest 238 
remnants (Martinez-Garza and Howe 2003).   239 
 240 
Methods 241 
 242 
Study site 243 
This study was undertaken between September 2011 and July 2013 on the Thiaki Creek 244 
Nature Reserve, located on the Atherton Tablelands in northeast Australia (145°51’E 245 
17°43’S) between 900 and 1000 m above sea level, with an average annual rainfall of 1940 246 
mm (Cheesman et al. In Press). The 181 ha property is composed of a 130 ha patch of 247 
largely intact rainforest (selectively logged between 1960 and 2000; Endangered Regional 248 
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Ecosystem 7.8.4, Upper Barron complex notophyll vine forest (Bell et al. 1987, Queensland 249 
Herbarium 2015), 0.2 ha of highly degraded rainforest regrowth and 51 ha of abandoned 250 
pasture currently being used for a rainforest reforestation experiment (Fig. 2.1).  The 251 
degraded regrowth forest contains both remnant trees from the original forest and native and 252 
non-native species associated with early succession. The abandoned pasture is relatively 253 
homogenous, with a consistent past land use history, in which remnant forest was largely 254 
cleared for grazing approximately 60 years ago, with the most recent clearing occurring in 255 
1978 (Barry Pember pers. Comm. 2015).  The topography of the nature reserve is varied 256 
with narrow valleys surrounded by hill slopes between 15° and 45°.  In January 2011, 257 
28,000 tree seedlings were planted into 64 experimental plots (50m x 50m) throughout the 258 
pasture component of this property.  During the course of this study, the experimental site 259 
was still most accurately described as ‘abandoned pasture’ as mortality rates of planted 260 
seedlings were high and no seedling had grown to more than 2 m by the end of this study. 261 
We took advantage of the blocking of the restoration experiment, to position our seed traps 262 
but did not use the experimental treatments as explanatory factors. Analyses support this 263 
decision, as “plot” was not significantly related to seed rain patterns (see results section). 264 
 265 
Seed rain 266 
Within the Thiaki Creek Restoration experiment, we randomly selected ten 50 m x 50 m 267 
experimental plots from the subset of plots within 50 m of rainforest edge (Fig. 268 
 2.1).  We only considered seedling plots within 50 m of a forest edge because past studies 269 
have found that 95% of seed rain falls within this range (Wijdeven and Kuzee 2000, Dosch 270 
et al. 2007).  In each plot, we set up a seed trap array consisting of seven seed traps (70 traps 271 
total) positioned in a pyramid sampling arrangement along a 50 m transect running 272 
perpendicular to the closest forest edge toward the centre of the plot (Appendix 2.1).  In 273 
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each array, one trap was positioned in a line 8 m from the forest edge, two traps were 274 
positioned in a row 23 m from the same forest edge and four traps were positioned 38 m 275 
away from the same forest edge.  All seed trap rows were spaced 15 m apart.  This pyramid 276 
sampling design was used to maximise seed capture, account for the effect of the leptokurtic 277 
distribution of seed rain and to maintain an even sampling intensity at each distance 278 
(Bullock et al. 2006).  Due to the lack of rainforest seeds evident within seed traps after the 279 
third sampling period, we removed one trap (from 38 m distance) from each array in January 280 
2012 and placed it 5 m inside the adjacent forest.  These forest seed traps were sampled over 281 
the remaining 18 months of the study from February 2012 to July 2013 to provide a 282 
comparison of within forest edge seed rain. 283 
 284 
Seed traps were a modified form of those used by Muller-Landau et al. (2002).  Traps were 285 
made from a polyvinyl chloride (PVC) and steel re-bar frame, standing approximately 1 m 286 
off the ground (Appendix 2.1).  We used an ultraviolet stabilised thick polyethylene plastic 287 
sheet measuring 1.25 m x 1.25 m as a contact surface funnelling into a weighted collection 288 
tin containing a fine mesh filter and holes to allow for drainage.  Minimal damage to the 289 
plastic sheeting via exposure or litter fall was recorded throughout the sampling period and 290 
any plastic sheet displaying minor damage was replaced.  Double sided tape around the 291 
outside of the collection tin was used to decrease the likelihood of insect predators eating 292 
seeds.  We placed a small number of kidney beans (Phaseolus vulgaris) and sesame seeds 293 
(Sesamum indicum) into each trap to assess if birds or other animals were interfering with 294 
the traps.  At no time during seed collection was there any evidence of animal predation on 295 
kidney beans or sesame seeds.  Furthermore, there was no evidence of insects within 296 
collection tins, nor sightings of birds perching on seed traps.  There was no leaf litter 297 
observed in the seed traps that could impede drainage and there were no recorded incidents 298 
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of seed germination in any of the traps.  Seed collection was conducted eight times, 299 
spanning two wet and two dry seasons between September 2011 and July 2013.   This 300 
sampling design accounted for potential seed rot and/or germination in this site as both the 301 
average annual and wet season precipitation was considerably lower (1419 mm and 263 mm 302 
respectively, Bureau of Meterology (2016), in this system compared to other tropical 303 
regions.  All seeds collected in traps were stored in 70% ethanol. 304 
 305 
Ground seed survey 306 
For each selected plot, we also sampled three 20 m long transects (15 m apart) extending 10 307 
m into adjacent rainforest and 10 m into the pasture.  Seed sampling was conducted in 1m x 308 
1m quadrats at 1 m intervals positioned along alternating sides of the transect.  In each 309 
quadrat, we collected all seeds present and detectable by visual inspection.  Ground samples 310 
were conducted four times between February 2012 and July 2013 to coincide with both peak 311 
and low fruiting patterns (late wet season and dry season, respectively) (Frith and Frith 312 
1985, Westcott et al. 2009).  Once collected, all seeds were sorted and identified to their 313 
lowest possible taxonomic level, using field collected voucher specimens and expert advice 314 
(see acknowledgments).  Dispersal vectors (animal or wind) were determined from Cooper 315 
and Cooper (2004) for each species. 316 
 317 
Assessing forest structure and diversity 318 
To quantify the structure and diversity of the forest adjacent to each seed rain collection 319 
area, a trapezoid plot (50 m x 100 m x 100 m x 250 m) was established extending into the 320 
rainforest immediately adjacent to each seed trap array (Appendix 2.2).  Three sub-sample 321 
quadrats (25 m x 25 m) were randomly located within each plot, from which mean basal 322 
area, tree height and canopy cover were measured.  We also recorded the number of tree 323 
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morphospecies within the sub-sampled quadrats. Mean basal area per plot was measured 324 
using a point centred quarter method along three 15 m transects within each of the sub-325 
sampled quadrats as outlined by Mitchell (2001) using only trees with a diameter of  >10 326 
cm.  The measurements from each transect were averaged across all sub-sampled quadrats to 327 
obtain plot means.  Canopy cover was estimated at five random locations within each 328 
quadrat using a spherical densiometer and tree heights were measured using a clinometer. 329 
We also recorded the slope and aspect for each plot containing a seed trap array. 330 
 331 
Assessing forest area 332 
Satellite imagery was analysed in ArcGIS (ESRI 2006) to determine the area of adjacent 333 
forest.  Halos of 50 m, 100 m and 200 m radii were centred on each plot where the ground 334 
seed surveys were conducted and the percentage of area of forest within each halo was 335 
calculated.  Halo measures of forest area were then used as explanatory variables in 336 
statistical models of seed rain richness and abundance patterns. 337 
 338 
Natural seedling recruit survey 339 
Natural seedling recruits were surveyed once across all 64-reforestation plots (50 m x 50 m) 340 
in August 2014.  This survey was performed following seed collection to assess whether the 341 
diversity and abundance of seedling recruits was similar to the seed rain patterns observed 342 
across the landscape.  Each natural recruit was identified to the lowest possible taxonomic 343 
level and its geographical position recorded.  344 
 345 
Data analysis 346 
Due to the very small number of rainforest seeds present within the pasture seed traps (21 347 
rainforest seeds, see results), statistical analysis of this dataset was not possible, thus all 348 
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reported results (except for raw seed count from seed traps) are based on ground surveys 349 
alone.  For the ground seed survey, we simplified seed counts in individual quadrats to a 350 
binary response variable indicating presence or absence of any rainforest seeds within 351 
quadrats. This was necessary due to the small number of seeds in many quadrats. To account 352 
for pseudoreplication arising from a singular study site (Crawley 2012), logistic mixed-353 
effects models (with logit link function and binomial error distribution) were used to assess 354 
relationships between explanatory variables and the probability of a rainforest seed being 355 
present at all. Explanatory variables were tree species richness, tree density, tree height, 356 
canopy cover, slope, aspect and distance from rainforest edge. A set of seven candidate 357 
models was compiled to test different hypotheses relating to the distribution of rainforest 358 
seeds in pasture and forest.  Before fitting the candidate models, correlation among 359 
explanatory variables was assessed; tree richness, tree density and tree height were all 360 
strongly correlated (Pearson’s product-moment correlation >0.63 for all combinations). For 361 
this reason, only one of these variables was included in candidate models at a time. Canopy 362 
cover and tree density were very highly correlated (Pearson’s product-moment correlation 363 
0.91), therefore only tree density was considered during model selection. Plot and transect 364 
(nested within plot) were included as random effects in all candidate models.  Relative 365 
support for each candidate model was assessed using Akaike’s information criterion (AIC).   366 
The lme4 package in R (Bates et al. 2011) was used to fit all mixed-effects models. 367 
 368 
We used linear regression models to assess the effect of forest area on seed diversity within 369 
pasture and forest.  Three models were selected, with each model either containing the 370 
percentage of forest area within 50 m, 100 m or 200 m radii from the centre of the plot.  371 
Relative support for each candidate model was assessed using AICc, to account for the small 372 
sample size (Hurvich and Tsai 1989, Burnham and Anderson 2002). Data from transects for 373 
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each plot were pooled and diversity was calculated using the Shannon-Wiener diversity 374 
index.  The explanatory variables of percentage of forest area (within the three radii) were 375 
ln-transformed to meet linear regression assumptions.  Due to overlap of some forest area 376 
radii between plots, independence between samples could not be assumed. We therefore 377 
applied a generalised least squares linear model approach using the “gls” function in the 378 
nlme package within R (Pinheiro et al. 2016) to account for spatial autocorrelation (Pinheiro 379 
et al. 2010).  Investigation of semivariograms displayed no evidence of spatial dependence 380 
among residuals (likelihood ratios of 0.71, 0.42 and 0.25 for the 50m, 100m and 200m radii, 381 
respectively). 382 
 383 
Results  384 
 385 
Seed traps 386 
A total of 34,710 seeds were collected in the pasture seed traps (68 seeds/m2), representing 387 
eight species from seven families (Appendix 2.3).  The majority of the seeds belonged to 388 
Poaceae pasture grasses (69.6%) and Asteraceae herbaceous weed species (30.2%), not 389 
rainforest species. A total of three rainforest species were collected from seed traps, 390 
consisting of Flindersia brayleyana (0.05%), Alphitonia petrei (0.005%) and Brackenridgea 391 
australiana (0.005%) seeds (>1 seed/m2).  The abundance of rainforest seeds decreased with 392 
increasing distance away from the forest edge, with 68% and 32% of rainforest seeds 393 
collected at 8 m and 23 m away from the forest edge, respectively. Due to the low number of 394 
rainforest seeds collected within the pasture traps, the effect of distance on seed dispersal 395 
could not be statistically analysed.   In the forest seed traps (surveyed across 18 months 396 
only), 341 rainforest seeds were collected (~1 seed/m2), representing 27 species from 18 397 
families (Appendix 2.4).  The most commonly collected species in forest were: Alphitonia 398 
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petrei (32.8%), Polyscias australiana (26.3%) and Flindersia brayleyana (12.6%).  No 399 
seeds from grasses or herbaceous pasture species were recorded in the rainforest traps.   400 
 401 
 Ground seed survey 402 
A total of 2,328 seeds were collected from the ground seed survey (4 seeds/m2) from 90 403 
species from 31 families; 19 seed morphospecies were not identifiable (Appendix 2.5). 404 
Seeds from the Rutaceae family were the most common (42.6%), largely consisting of 405 
Flindersia brayleyana seeds (41.1%).  The second most common family was Rhamnaceae 406 
(15.8%), with Alphitonia petrei the most common within that family (14.7%).  Wind-407 
dispersed seed was more abundant than animal-dispersed seed in rainforest and pasture 408 
samples (Fig. 2.2).  The majority of animal-dispersed seeds were recorded within the 409 
rainforest, with a small number recorded in pasture but only within 5 m of the forest edge.  410 
The abundance of all rainforest seeds in ground plots decreased with increasing distance into 411 
the pasture (>1 seed/m2 in pasture vs. 7 seeds/m2 in forest) (Fig. 2.2). 412 
 413 
Exploratory modelling indicated that distance was an important predictor variable for 414 
explaining the probability of rainforest seed being present in a ground survey plot. When 415 
modelled alone, distance decreased the AIC value compared to the null model (intercept 416 
only) by 166.3 AIC units, and for this reason we included it in all candidate models.  Akaike 417 
weights for the seven candidate models indicated that the two most supported models 418 
included distance + tree richness (model 1) (wi = 0.96) and distance + tree density (model 2) 419 
(wi = 0.013) (Appendix 2.6).  However, with such a large Akaike weight, model 1 had by far 420 
the most support for explaining the probability of a rainforest seed being present in a ground 421 
survey plot.  422 
   423 
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Distance from forest edge and tree richness were the best predictors of rainforest seed 424 
presence in quadrats (Fig. 2.3; Appendix 2.7).  At all distances from forest edge, rainforest 425 
areas that displayed high levels of tree richness (i.e. > 100 plant morphospecies per 625 m2) 426 
had a greater probability of seed incidence in quadrats, compared to forest areas of low tree 427 
richness (i.e. < 30 morphospecies per 625 m2) (Fig. 2.3).  Regardless of tree richness, the 428 
probability of recording a rainforest seed 10 m into pasture was very low. Rainforest areas 429 
that contained high tree densities (>300 stems ha-1) also had a greater probability of seed 430 
presence within quadrats compared to rainforest areas of low tree densities (< 30 stems ha-1).  431 
For all tree density levels, the probability of recording a rainforest seed decreased with 432 
increasing distance into the pasture (Fig. 2.3).    433 
 434 
Forest area 435 
Seed species diversity showed a positive relationship with forest area across all three tested 436 
radii (Fig. 2.4).   Models containing forest area within a 100 m and 200 m radius showed 437 
similar and greater support for predicting seed diversity (AICc 21.45 and AICc 22.51, 438 
respectively) than forest area within 50 m (AICc 30.45).  439 
 440 
Natural Recruit Survey 441 
A total of 309 natural recruits, representing 19 species from 11 families, were recorded in 39 442 
(out of the 64) reforestation plots surveyed (about 5 seedlings/ 50 m x 50 m reforestation 443 
plots; Appendix 2.8); two morphospecies were not identifiable.  The majority of seedlings 444 
were Alphitonia petrei (72.2%), followed by Rhodamnia sessiliflora (4.2%) and 445 
Homalanthus novoguineensis (3.5%), all common early successional species in this system.  446 
Four exotic species of recruits were recorded: Citrus x limon, Rivinia humilis, Psidium 447 
guajava and Indigofera suffruticosa.   All seedling species except one (Indigofera 448 
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suffruticosa) were bird dispersed (Cooper and Cooper 2004).  Seedling abundance and 449 
richness declined rapidly with increasing distance from forest edge (Fig. 2.5). 450 
 451 
Discussion 452 
 453 
Rainforest seed dispersal was quite limited within the abandoned pasture in our study 454 
landscape.  Seed abundance and diversity declined rapidly with distance away from the 455 
rainforest edge and while wind dispersed seeds were recorded up to 23 m into pasture, no 456 
animal dispersed seeds were detected more than 5 m from rainforest edge.  Most natural 457 
recruits in this landscape were native-bird-dispersed species but these too were mainly 458 
restricted to pasture within 100 m of forest edges. The probability of seed arrival within 459 
pasture along forest edges was strongly influenced by the diversity and density of trees in 460 
the adjacent forest, with more diverse, higher density forests improving dispersal probability 461 
substantially.  Cumulatively, our results suggest that the recovery of highland Australian 462 
tropical rainforest from abandoned pasture may be limited by seed availability except along 463 
edges, and the less disturbed the forest, the better the potential for natural seed rain to 464 
contribute to forest regeneration from pasture.    465 
 466 
Seed rain patterns in pasture and rainforest 467 
Natural regeneration of rainforest from maintained pastures is well known to be slow and 468 
often unsuccessful (Lamb et al. 2005).  There are many factors that can limit passive 469 
rainforest regeneration in tropical pasture, including dominance of grasses and herbaceous 470 
species (Aide and Cavelier 1994, Hooper et al. 2005).  The large densities of grass seeds 471 
collected from pasture seed traps suggest that rainforest seeds landing in pasture may 472 
experience high levels of competition from grasses, if they survive in this environment at all 473 
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(Holl et al. 2000). Limits to local seed dispersal contribute to the amount of rainforest seed 474 
reaching pasture regeneration sites (Holl 1999, Wijdeven and Kuzee 2000), the availability 475 
of viable rainforest seeds in pasture soil seed banks (Zimmerman et al. 2000), and strength 476 
of competitive constrains on seedling recruitment.  When rainforest seeds are limited in 477 
pasture regeneration sites, these factors compound to make regeneration slow and limited in 478 
extent.  479 
 480 
The density of rainforest seed rain in pasture was relatively uniform amongst the sites 481 
sampled in this study, while the species richness of seeds entering the pasture was highly 482 
variable among sites.  The variability in species richness is not surprising given how patchily 483 
distributed adult trees are in rainforests generally (Janzen 1970).  The lack of seeds 484 
regardless of species is more surprising and may reflect limited rates of recruitment in 485 
Australian tropical pastures.  The variability in seed diversity may produce irregular forest 486 
recovery patterns; such patterns are common in initial successional stages of abandoned 487 
tropical pasture (Tabarelli and Peres 2002, Chazdon 2003).  488 
 489 
The small number of rainforest seeds collected in seed traps in this study contrasts markedly 490 
with past seed rain studies from other tropical regions, where thousands of seeds were 491 
collected (Dosch et al. 2007, Martínez-Garza et al. 2009, Howe et al. 2010).  Furthermore, 492 
within the same tropical region, Willson and Crome (1989) recorded over 1300 seeds from 493 
forest and forest edge species caught in pasture traps, with 83% less trapping effort and 73% 494 
less sampling time than our study; although different experimental parameters and sampling 495 
methods may explain the variation in results.  The lack of surrounding fruiting rainforest 496 
plants has been suggested to influence seed distribution patterns into pasture in other studies 497 
(Howe and Smallwood 1982), however, we sampled year round and regularly observed 498 
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fruiting trees in adjacent forest during the survey period. Given the high abundance and 499 
diversity of rainforest tree seeds found just 5 m inside of adjacent forest, it seems clear that 500 
the lack of seeds in seed traps reflects poor movement of seeds out of these forests, rather 501 
than a lack of seeds available to move.   502 
 503 
As expected, wind-dispersed seeds far outnumbered animal-dispersed seeds in pastures.  The 504 
highest proportion of wind-dispersed seeds (98%) belonged to Flindersia brayleyana, a 505 
common late secondary successional species in this forest type.  The dominance of a single 506 
wind dispersed species in seed rain into tropical pasture is consistent with previous studies 507 
in Australia’s wet tropics (Willson and Crome 1989), due to a small number of wind 508 
dispersed species contributing a disproportionate amount of seed rain in pastures (Holl 1999, 509 
Martínez-Garza et al. 2009, Howe et al. 2010).  This pattern could be explained by either the 510 
temporal variation in fruiting phenology of source trees (Howe and Miriti 2004), or these 511 
trees may tend to be closer to the forest edges (Greene and Johnson 1996) where stronger 512 
wind profiles (compared to dense forests) allow for greater dispersal distance (Nathan et al. 513 
2002).  More studies would be needed, however, to fully understand this species bias. 514 
 515 
The predominance of wind-dispersed seeds in pasture could suggest that initial colonization 516 
of pasture by rainforest species may consist of wind dispersed species typical of early 517 
successional stages (Finegan 1984, Holl et al. 2000, Guariguata and Ostertag 2001). In our 518 
study, however, nearly all natural seedling recruits were animal, not wind dispersed.  519 
Disparities between the composition of seed rain and seedling recruits have been 520 
documented by Teegalapalli et al. (2010) and Ingle (2003) and the relationship between seed 521 
arrival and survival is now often considered weak (Reid and Holl 2013), an effect thought to 522 
be largely driven by variation in recruitment success among species (Harms et al. 2000), 523 
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post dispersal seed predation (Wenny 2000) and competition with grass species (Aide and 524 
Cavelier 1994).  That said, the dominant recruiting species in this study, Alphitonia petrei, 525 
was the most common animal dispersed species found in the ground surveys, providing 526 
evidence for a stronger link between seed rain and recruitment than is typical.  Recruits were 527 
found much further from forest edge than seeds were collected, though recruits also declined 528 
rapidly more than 50 m from forest edges.  This discrepancy suggests that Alphitonia petrei 529 
initially recruits well (Sun and Dickson 1996) from low frequency dispersal events across 530 
larger distances.   531 
  532 
The near absence of animal-dispersed seeds within pasture was expected and is consistent 533 
with past research (Ingle 2003, Martínez-Garza et al. 2009), with low abundance of animal-534 
dispersed seeds in pasture being explained by animal behaviour, as birds and mammals tend 535 
to avoid exposed areas (Martini and Santos 2007, Ibarra-Macias et al. 2011).  A lack of 536 
remnant trees or large herbaceous species within the pasture may also contribute to this 537 
pattern, leading to a decrease in resources and/or habitat structures (Guevara et al. 1986, 538 
Zahawi and Augspurger 2006). Our sampling approach did not include traps under the 15 539 
remnant trees present within the pasture and thus animal-dispersed seeds may be 540 
underestimated.  Likewise, we did not quantify the abundance and diversity of seed 541 
dispersers within our study landscape, reducing our ability to relate animal disperser 542 
diversity to seed rain patterns from neighbouring forest fragments. 543 
 544 
The large diversity of animal-dispersed seeds observed in this study is consistent with other 545 
seed rain studies in the tropics (Holl 1999, Martínez-Garza et al. 2009, Howe et al. 2010).  546 
The diversity of animal–dispersed seeds in rainforests has been strongly linked to the 547 
diversity of animal-dispersed rainforest trees (Janzen 1988). While there was no evidence of 548 
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animal interference of seeds within pasture and rainforest seed traps, seed removal or 549 
deposition by seed predators is likely to have occurred before the ground seed survey took 550 
place, especially near the forest edge where high levels of seed predation are common 551 
(Benitez-Malvido 1998).  Thus, ground seed surveys should be viewed as conservative 552 
estimates.  553 
 554 
Impact of rainforest structural features on seed rain 555 
The results from this study provide evidence that tree species richness and tree density in 556 
adjacent rainforest are important factors determining seed rain into this study landscape, and 557 
we hypothesize that these effects could be representative of other highly fragmented areas of 558 
the Australian Wet Tropics given further research across larger spatial scales and different 559 
forest types.  Higher tree richness may provide a more continuous supply of seeds, as 560 
flowering times of Australian rainforest trees vary by species (Boulter et al. 2006).  The near 561 
zero incidence of rainforest seeds in pasture next to lower-diversity rainforest suggests that 562 
pasture sites slated for regeneration next to patches of degraded forests, which commonly 563 
display lower levels of species richness than continuous rainforest (Laurance and Goosem 564 
2008) may be more seed limited than regeneration sites next to mature forest patches with 565 
high species richness.     566 
 567 
Higher tree densities have been shown to increase seed dispersal probability in fragmented 568 
landscapes (García and Chacoff 2007, Carlo and Morales 2008). This positive relationship 569 
between tree density and seed arrival may simply reflect a sampling effect, with more trees 570 
resulting in more opportunities for seed production and dispersal per unit area (Willson and 571 
Traveset 2000).  In some low-density forests, however, the potential for increased wind 572 
velocity and speed (Ruck et al. 2012) can also allow for greater dispersal distances of wind-573 
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dispersed seed both within the forest interior (Nathan et al. 2002) and into adjacent pastures 574 
(Greene and Johnson 1996). 575 
 576 
The effect of surrounding forest area on seed species diversity 577 
 578 
While seed diversity was positively related to forest area across increasing distances (radii), 579 
seed diversity was best explained by forest area in 100 m and 200 m -radii; this intermediate 580 
distance suggests that the influence of forest area on seed diversity operates at a local, but 581 
not a micro-site scale.  Given that our study focused on a single landscape, this pattern may 582 
reflect a site-specific pattern, but there is some evidence from the literature that this is a 583 
more general pattern (Dennis and Westcott 2007, Carlo and Morales 2008).  584 
 585 
Conclusion 586 
 587 
As increasing number of Australian wet tropical pastures are abandoned or entered into 588 
forest regeneration schemes, it will become increasingly important to understand the 589 
complex set of factors involved in forest recovery and development. Our study demonstrates 590 
that natural recruitment from rainforests within pasture is very seed limited, which may be 591 
one reason why passive regeneration of Australian rainforest is often slow compared to other 592 
tropical regions.  This study fills an important gap in the literature on seed rain in Australia’s 593 
tropical countryside landscapes by providing evidence that early stage rainforest recovery 594 
depends, at least in part, on features of the adjacent rainforest.  595 
 596 
 597 
 598 
 599 
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 600 
 601 
 602 
 603 
 604 
Fig 2.1 Map of Thiaki Creek property.  The reforestation experiment consists of eight blocks; each 605 
containing eight 50m x 50m plots (six plots of which contained planted seedlings).  Open boxes 606 
denote reforestation plots.  Black filled boxes are the randomly selected reforestation plots used for 607 
seed trapping in this study.   608 
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 609 
Fig 2.2 Rainforest species seed abundance and dispersal mechanism within rainforest and pasture at 610 
different distances (m) from rainforest/pasture edge.   Data were pooled for each distance class.  611 
Dispersal vectors (animal or wind/gravity) were determined from Cooper and Cooper (2004) for 612 
each species. 613 
 614 
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 617 
Fig 2.3 Selected plots from models of the probability of seed presence in quadrats: a) distance + tree 618 
richness (model 1) and b) distance + tree density (model 2).  The solid curves show high values of 619 
tree richness (>100 morphospecies per 625 m 2) and tree density (>300 stems per ha).  The dotted 620 
curves show low values (<30 morphospecies per 625 m2 and <30 stems per ha).   Grey dotted 621 
vertical lines indicate the location of the rainforest edge. 622 
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 624 
Fig 2.4 Curvilinear regressions of seed species diversity from ground seed surveys (Shannon-Wiener 625 
index) and percentages of three different forest areas: a) forest area within a 50 m radius around each 626 
seed trap array, b) forest area within a 100 m radius and c) forest area within a 200 m radius. 627 
Modelled relationships were fitted to back-transformed forest area values in all plots.   Forest area is 628 
displayed as a percentage of total area within each radius.  AICc values for each model are shown. 629 
 630 
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 632 
Fig 2.5 Natural recruit seedling abundance and richness within reforestation plots in pasture at 633 
different distances (m) from rainforest/pasture edge.   Separate shadings and patterns denote different 634 
species, with Alphitonia petrei shown in black diagonal.  Data were pooled for each distance class.  635 
See Appendix 2.8 for species abundances and dispersal vectors. 636 
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Chapter 3: Landscape position and woody vegetation within the matrix mediates seed 642 
dispersal under isolated pasture trees across distinct tropical regions. 643 
 644 
Introduction 645 
 646 
Forest fragments embedded within a matrix of agricultural and grazing lands are a common 647 
feature of tropical countryside landscapes throughout the world.  Within this matrix, forest 648 
fragments can be viewed thorough the lens of classical Island Biogeography theory 649 
(Macarthur and Wilson 1963), as islands of vegetation, surrounded by a “sea” of 650 
inhospitable land, which reduces animal movement and impedes forest regeneration 651 
(Bierregaard et al. 1992).  However, there is strong evidence that such matrix environments 652 
can and do support many animal species (Perfecto et al. 2009), and are not the complete 653 
barriers assumed by Island Biogeography. Countryside Biogeography theory, developed out 654 
of an appreciation of the similarities and differences between fragmented landscapes and 655 
oceanic island systems, provides a more realistic framework under which to consider habitat 656 
fragmentation in human dominated terrestrial landscapes (Daily et al. 2001).  The study of 657 
countryside landscapes within a biogeographic framework has led to a much greater 658 
understanding of the movement of plants and animals through and within human-dominated 659 
landscapes (Mendenhall et al. 2014). For instance, the quality and extent of  ‘countryside’ 660 
matrix habitats are known to influence the movements of seed dispersing animals (Levey et 661 
al. 2005) and have been shown to subsequently alter passive forest recovery patterns in 662 
abandoned pastures and agricultural fields (hereafter referred to as ‘old-fields’).  Isolated 663 
trees are widely considered to play a role in passive recovery of such landscapes by acting as 664 
islands of habitat or stepping-stones for seed dispersing animals within the matrix.  665 
 666 
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During clearing of rainforest for agriculture or grazing, rainforest trees are often left within 667 
the pasture to provide shade for cattle, protection for crops and to provide edible fruits 668 
(Chazdon 2014).  These isolated trees attract seed dispersing animals, specifically birds and 669 
bats that use these trees for perching sites, protection and food (Guevara et al. 1986, 670 
Chapman and Chapman 1999, Slocum 2001).   As a consequence, seeds are deposited under 671 
the canopy of these trees, increasing seed dispersal events within pastures compared to other 672 
pasture vegetation types (Wunderle Jr 1997, Slocum and Horvitz 2000).  Isolated pasture 673 
trees also provide favorable microclimates for seedling establishment under their canopies, 674 
by decreasing soil surface temperature and moisture evaporation (Rhoades et al. 1998) and 675 
by reducing the growth of competitive grass species (Galindo-Gonzalez et al. 2000, Hooper 676 
et al. 2005, Cole et al. 2010).  Thus, isolated pasture trees may act both as seed 677 
concentration sites (Guevara et al. 1986) and facilitate seedling establishment, creating 678 
“nuclei” of  vegetative regeneration radiating outward over time (Yarranton and Morrison 679 
1974, Nepstad et al. 1996). 680 
 681 
While there is strong evidence that isolated pasture trees attract avian seed dispersers, past 682 
research has produced conflicting results in trying to explain variation in seed rain patterns 683 
under their canopies. Reasons for this disparity are generally thought to relate to variation in 684 
the factors that influence seed dispersers, within local, landscape and regional scales.  685 
Within the local scale, differences between the biological and structural characteristics of the 686 
isolated tree have produced varying results to explain seed rain patterns.  For example, 687 
higher levels of seed rain were recorded under isolated trees that produced fleshy fruit 688 
compared to non-fleshy fruits (Herrera et al. 1994, Slocum and Horvitz 2000), yet in 689 
contrast, Willson and Crome (1989), Toh et al. (1999) and Carriere et al. (2002) found no 690 
relationship between seed rain and the presence of fleshy fruit. The influence upon seed rain 691 
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by the structural characteristics of the isolated tree, such as canopy cover and tree height 692 
have also displayed varying results, with trees with denser canopies either receiving 693 
increasing levels of seed rain (Hooper et al. 2005), or having no significant effect (Laborde 694 
et al. 2008).  695 
 696 
At the landscape scale, the position of the isolated tree in relation to surrounding forest 697 
fragments may also impact seed rain patterns, driven both by the reliance on a surrounding 698 
seed source (Aide et al. 1995) and resource availability across differing spatial (Carlo and 699 
Morales 2016) and temporal scales (Wright et al. 1999).  Much past research has focused on 700 
the distance of the isolated tree away from the forest and the extent of the surrounding forest 701 
area (Zahawi and Augspurger 2006, Laborde et al. 2008), adhering to classical island 702 
biogeography theory.  Like the biological and structural characteristics of the isolated tree, 703 
the influence of distance between isolated trees and surrounding forest patches on seed rain 704 
has also shown varying results, with either a negative (Sritongchuay et al. 2014) or no 705 
significant correlation (Duncan and Chapman 1999, Galindo-Gonzalez et al. 2000, Slocum 706 
and Horvitz 2000).  Studies incorporating countryside biogeography theory that focused on 707 
the influence of the structure and extent of vegetation within the matrix upon seed rain 708 
patterns under isolated trees have also shown varied results.  For example, Laborde et al. 709 
(2008) found no relationship between neighboring woody vegetation within pasture and seed 710 
rain, while Herrera and García (2009) observed that seed rain patterns were influenced by 711 
seasonal fruit availability within the matrix.  Unique differences in floral and faunal 712 
composition and evolutionary history between tropical regions may also explain variation in 713 
seed rain patterns (Howe and Smallwood 1982), yet comparative studies between tropical 714 
regions are surprisingly limited (Corlett and Primack 2006). 715 
 716 
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Despite a robust literature on isolated trees in specific landscapes, no study, to our 717 
knowledge, has systematically assessed the importance of even the most commonly assumed 718 
causes of seed rain variance around isolated trees.  Unfortunately, comparisons between past 719 
studies are difficult to make due to differences in sampling techniques, limited numbers of 720 
replicates and investigating different subsets of biological, structural and landscape factors.  721 
Here we present a uniquely broad assessment of seed rain under isolated pasture trees across 722 
replicated landscapes from three distinct tropical countries: Nigeria, Colombia and 723 
Australia. The aim of this study is to determine if generalisations can be made about the 724 
importance of landscape and biological factors impacting seed dispersal under isolated 725 
pasture trees in tropical fragmented landscapes.  The specific questions we ask are: 1) Do 726 
the biological and structural characteristics of isolated trees in tropical countryside 727 
landscapes influence seed rain patterns under their canopies?  and 2) Does the position of the 728 
isolated tree within the landscape influence seed rain patterns underneath their canopies 729 
irrespective or depending on the trees characteristics?   730 
 731 
Given the high variability of factors influencing seed rain under isolated trees both between 732 
and within tropical regions, we predicted a similarly large diversity of factors (related to 733 
either island or countryside biogeography theory) responsible for explaining seed rain 734 
patterns between and within our study sites, with no one factor likely to be common 735 
throughout.  Further, we predicted that these differences are likely to be more pronounced 736 
between (rather than within) tropical and subtropical regions, due to large continental (and 737 
regionally in Australia) differences in both floristic and seed disperser diversity (Corlett and 738 
Primack 2006). 739 
 740 
 741 
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Methods 742 
 743 
Study sites 744 
This study was conducted in three tropical and one subtropical region in three distinct 745 
tropical countries: Colombia, Nigeria and Australia (tropical and subtropical sites) (Fig. 3.1, 746 
Appendix 3.1).  While these regions differ dramatically in biogeography, flora and fauna 747 
and evolutionary history, all study regions share a general land use history of forest clearing 748 
for grazing and/or agriculture, resulting in highly fragmented, heterogeneous tropical to 749 
subtropical landscapes.  Common to all three countries and study regions is the presence of 750 
isolated trees surrounded by active cattle pasture. 751 
 752 
Experimental design 753 
For this study, we selected 12 landscapes consisting of cattle pastures adjacent to forest 754 
patches (separated by 3-8 km within a study region), divided equally among four tropical to 755 
subtropical regions (Fig. 3.1).  Regions were separated by at least 1500 km, with the closest 756 
regions in two distinct parts of Eastern Australia.  These landscapes were further 757 
continentally separated from the regions in Colombia and Nigeria. Within each landscape, 758 
we selected twelve isolated pasture trees (total of 144 trees) established from a series of set 759 
biological and structural characteristics and landscape positions based on studies that have 760 
suggested the importance of these factors for seed dispersal within other pastoral tropical 761 
landscapes around the world. The biological and structural characteristics of the isolated 762 
trees included: presence of fleshy fruit, tree height, canopy cover and crown diameter. For 763 
each set of twelve focal trees (within a landscape), we selected six trees that produced fleshy 764 
fruit and six trees that produced non-fleshy fruit (Appendix 3.2).  Where possible, we tried 765 
not to select duplicate individuals of the same species within the landscape.  However, this 766 
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was not always feasible due to a limited number of isolated trees in some landscapes.  Tree 767 
height was measured using a clinometer, canopy cover was averaged over five 768 
measurements taken at random locations under each isolated tree using a spherical 769 
densitometer, while crown diameter was averaged over four measurements taken from the 770 
distance between the furthest opposing branches from the base of the trunk. 771 
 772 
 To investigate how the position of the isolated trees within the landscape influenced seed 773 
dispersal, we measured the distance of the tree from the nearest forest fragment, the area of 774 
surrounding forest fragment cover (hereafter referred to as forest cover), around each tree 775 
and the area of woody vegetation (any vegetation not connected to surrounding forest 776 
fragments) within the pasture at 100 m, 300 m and 500 m radii around each tree.  Satellite 777 
imagery was analysed in ArcGIS (ESRI 2006) to determine both the area of surrounding 778 
forest cover and woody vegetation within the pasture.  Landscape-scale area measurements 779 
of surrounding forest cover and woody vegetation within pasture were used as explanatory 780 
variables in statistical models of seed rain richness and abundance patterns.  Prior to isolated 781 
tree selection, we conducted a preliminary survey of all available isolated trees within each 782 
landscape to ensure that selected trees contained a full range of values for each estimated 783 
variable and were separated by at least 100 m, from the next nearest focal tree, a distance 784 
consistent with the average distance that birds are typically though to venture into tropical 785 
old-fields (Silva et al. 1996, Wunderle Jr 1997, Wijdeven and Kuzee 2000).  Due to overlap 786 
of 300 m and 500 m radii measures between neighboring focal trees, spatial independence 787 
for each focal tree was assessed (see data analysis). 788 
 789 
 790 
 791 
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Seed rain 792 
Seed rain was measured underneath isolated trees and open pasture between October 2014 793 
and June 2016.  Seed collection was conducted for 12 months in Colombia and in both 794 
Australian regions and for eight months in Nigeria.  Sampling times differed between 795 
tropical regions, with seed collected every two weeks in Colombia and Nigeria and once a 796 
month in the Wet and subtropical regions of Australia.  The monthly sampling period in 797 
Australia was sufficient to account for potential seed rot in both wet tropical and sub tropic 798 
sites, as these sites experience considerably lower average wet season precipitation (263 and 799 
150 mm respectively,(Bureau of Meterology 2016)), than the other two tropical regions.  800 
 801 
To sample seeds, we hung three seed traps from branches under each isolated tree using 802 
ultraviolet stabilized 8 mm rope, to avoid interference from cattle.  Placement of seed traps 803 
was dependent on the availability of suitable branches, with all traps being at least 2 m off 804 
the ground (Appendix 3.3).  Sets of three seed traps were positioned along fence lines in the 805 
open pasture within 20 m of the selected isolated tree to act as a paired control (Appendix 806 
3.3).    In total, 864 seed traps were positioned across all experimental sites. The seed traps 807 
were a modified form used by Holl (1998).  The seed traps consisted of a 3 mm reinforced 808 
galvanized steel fencing wire frame, measuring 3.14 m in circumference, with a 1 m 809 
diameter.  Fine grade ultraviolet stabilized polypropylene sediment control mesh was used 810 
as the contact surface, which was woven to the frame using medium gauge fishing line.  811 
Four steel cross beams were added for reinforcement and to attach the rope.  Rocks were 812 
placed in the bottom of each seed trap to weigh the traps down and to avoid the trap being 813 
blown inside out.  There was minimal leaf litter observed in the seed traps that could impede 814 
drainage and there were no recorded incidents of seed germination in any of the traps, 815 
during seed collection.  Minimal damage to the seed traps via wind exposure or litter fall 816 
	37	
was recorded throughout the sampling period and any seed trap with minor damage was 817 
replaced.  818 
 819 
At each sampling event, seeds were removed from traps, sorted and identified to their lowest 820 
possible taxonomic level, using field collected voucher specimens and expert advice (see 821 
acknowledgments).  Identified seeds were then grouped by dispersal vector (animal, wind or 822 
gravity) and into either rainforest or non-rainforest species (weed and non-native pasture 823 
species). Due to the occurrence of focal tree conspecifics within some landscapes, we could 824 
not accurately distinguish the source of the seeds between the parent and conspecifics; 825 
therefore any seeds that were the same species as the focal tree they were collected under, 826 
were classified as coming from the parent tree.  We did not include seeds from the parent 827 
tree, non-rainforest species, wind or gravity dispersed seeds, or seeds that could not be 828 
identified in statistical analysis, though we do report of the numbers collected for 829 
completeness. 830 
 831 
Data analysis 832 
Rainforest seed richness, abundance, diversity and evenness were modeled as a function of 833 
the biological features and landscape context of the isolated trees using linear mixed effect 834 
models (lme function in the nlme library, (Pinheiro et al. 2016)).  Data were pooled for each 835 
isolated tree and species diversity was calculated using the Shannon – Weiner diversity 836 
index.  Species evenness was calculated by dividing the Shannon-Weiner index (H) by the 837 
natural log of species richness (Hmax).  Explanatory variables were fruit type (fleshy or non-838 
fleshy), tree height, canopy cover, distance of the isolated tree from adjacent forest, the area 839 
of woody vegetation in pasture within a 500 m radius of the isolated tree and the area of 840 
forest cover within a 500 m radius of the isolated tree.  Before fitting models, correlation 841 
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among explanatory variables was assessed using Pearson’s product-moment correlation.   842 
Tree height and crown diameter were correlated (ρ = 0.77), therefore only tree height was 843 
considered during model selection.  Two-way interactions between region forest cover 844 
within a 500 m radius of the isolated tree, fruit type and distance to forest were included in 845 
all models to test for regional level differences.  Two-way interactions between region and 846 
canopy cover, tree height and the area of woody vegetation in pasture within a 500 m radius 847 
of the isolated tree were not included due to the uneven distribution of these variables within 848 
regions.  Landscapes within regions were included as a random effect in all models. Because 849 
of the varying distances between isolated trees within a landscape, there was a potential for 850 
seed rain to be spatially autocorrelated (Pinheiro et al. 2010). We inspected empirical 851 
semivariograms for each response variable and found no evidence of within-landscape 852 
spatial structure in all cases.  In addition, when spatial correlation structures were added to 853 
models, they reduced model fit as indicated by likelihood ratio tests (all P > 0.1).  Maximal 854 
models containing all relevant explanatory variables were simplified by removing non-855 
significant terms one at a time, starting with interaction terms.  Due to the very similar 856 
pattern observed for seed diversity, richness and evenness, we only present graphs for 857 
rainforest seed diversity and abundance here.   858 
 859 
In a separate modeling exercise we assessed the effects of season (wet versus dry), region 860 
and their interaction on seed rain richness and abundance using generalized linear mixed 861 
effect models. In all cases focal tree was nested within region as a random effect. Richness 862 
and abundance were modeled as integers for this analysis due to the presence of zero values 863 
(24% of values). For these responses we tested for possible zero inflation by comparing 864 
models with differing error distributions - negative binomial, negative binomial (with zero 865 
inflation parameter), and Poisson - using the glmmADMB package in R (Fournier et al. 866 
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2012, Skaug et al. 2016). AICc values indicted that the negative binomial models were best 867 
for both integer responses.  As a result of low seed abundance and richness levels per tree 868 
when the data was divided between seasons, seed diversity and evenness distributions were 869 
overinflated with zero values (52%).  Subsequently, modeling zero inflated models for the 870 
non-integer, continuous diversity and evenness data was not feasible (Zuur et al. 2012).  871 
Data analysis was conducted using the R statistical software package version 3.3.3 (R 872 
Development Core Team 2010). 873 
 874 
Results 875 
 876 
A total of 30,002 seeds were collected in all seed traps (28 seeds/2.54 m2), from 178 species 877 
and 60 plant families (Appendix 3.4).  The highest abundance and richness of seed was 878 
collected in Colombia (13,843 seeds, 74 species from 37 families), followed by the 879 
Australian subtropics (7,536 seeds, 45 species from 29 families), Australian Wet tropics 880 
(7,351 seeds, 60 species from 30 families) and Nigeria (1,272 seeds, 10 species from 8 881 
families).  The vast majority of seeds were collected in seed traps under isolated trees 882 
(29,757 seeds) compared to control traps in open pasture (245 seeds).  A total of 6,337 883 
animal dispersed rainforest seeds were collected across all seed traps (7 seeds/2.54 m2), 884 
representing 135 species from 51 plant families.  The highest abundance of animal dispersed 885 
seed was collected in Colombia (3,344 seeds, 57 species from 31 families), followed by 886 
Nigeria (1050, 9 species from 7 families), Australian Wet tropics (976 seeds, 44 species 887 
from 24 families) and the Australian sub tropics (670, 32 species from 24 families).  888 
 889 
Rainforest seed diversity, richness and evenness patterns under isolated trees were all best 890 
explained by the area of woody vegetation within a 500 m radius area of pasture matrix 891 
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surrounding each isolated tree and the distance of the isolated tree to adjacent forest 892 
(Appendices 3.5, 3.6 and 3.7, respectively). Across all four regions, seed diversity (Fig. 3.2), 893 
richness (Appendix 3.8) and evenness patterns (Appendix 3.9) under isolated trees all 894 
decreased with increasing area of woody vegetation within pasture.  The effect of distance to 895 
forest upon seed rain patterns was markedly different between the one subtropical region 896 
assessed and the three tropical regions. Within the tropical regions of Colombia, Nigeria and 897 
Australia, rainforest seed diversity, richness and evenness patterns decreased under isolated 898 
trees with increasing distance away from forest fragments, while in the sub-tropical region 899 
of Australia, the opposite pattern was observed (Fig. 3.2).  Rainforest seed abundance 900 
patterns were best explained by the area of woody vegetation within pasture within a 500 m 901 
radius of the isolated tree (Appendix 3.10), seed abundances decreased with increasing area 902 
of woody vegetation within pasture across all four regions (Fig. 3.3).  Throughout Colombia, 903 
Nigeria and the Australian sub-tropics, seed abundance and richness were significantly 904 
higher during the wet season compared to the dry season, with the opposite trend observed 905 
in Wet Tropics of Australia (Fig. 3.4). 906 
 907 
None of the physical characteristics of the isolated tree, such as tree height, canopy cover, 908 
crown diameter or the presence of fleshy fruit were important for explaining rainforest seed 909 
rain patterns.  910 
  911 
Discussion 912 
 913 
Rainforest seed rain patterns under isolated pasture trees across all four tropical regions were 914 
influenced by the position of the isolated tree within the landscape.  Throughout all regions, 915 
rainforest seed diversity, richness, evenness and abundance all decreased under isolated trees 916 
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located in pasture containing high levels of woody vegetation.  Likewise, seed diversity, 917 
richness and evenness all decreased under trees further away from forest fragments within 918 
the Australian Wet Tropics, Colombian and Nigerian sites, yet increased with increasing 919 
distance in the Australian subtropical landscapes.  Cumulatively, our results suggest that the 920 
structure of the landscape surrounding isolated trees are important for influencing animal 921 
mediated seed dispersal to isolated trees, with this influence consistent across multiple 922 
distinct tropical regions.  This study highlights the importance of both forest and pasture 923 
environments on animal-mediated seed dispersal in fragmented tropical landscapes and 924 
provides strong evidence to suggest that early stage successional processes involving 925 
isolated trees may not be as dissimilar throughout global tropical regions as the literature 926 
previously suggested.  927 
 928 
Effects of woody vegetation in pasture on seed rain 929 
Throughout all four tropical regions, seed diversity, richness, evenness and abundance 930 
decreased under isolated trees with increasing area of woody vegetation within pasture, 931 
contrary to our expectations. While there is a strong positive correlation between the amount 932 
of woody vegetation within pastures and the abundance of animal dispersed seeds at a 933 
landscape scale (Cole et al. 2010, Chazdon 2014, de la Peña-Domene et al. 2014), our 934 
results suggest that varying densities of woody vegetation within pasture systems may 935 
impact seed rain patterns to individual isolated trees (local scale) differently via directed 936 
dispersal.  Directed dispersal, which is known to be common in successional landscapes 937 
(Wenny 2001), occurs when isolated vegetation experiences much greater non-random 938 
dispersal events than open pasture due to disperser preference for this vegetation and 939 
associated increased visitation rates (Howe and Smallwood 1982).  Across all regions within 940 
our study, seed rain was significantly higher under isolated trees than in open pasture, 941 
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adding further support for the occurrence of directed dispersal and may explain why our 942 
results are contrary to Pejchar et al. (2008), and Vergne et al. (2016) who placed seed traps 943 
along transects within open pasture.   944 
 945 
The decrease in seed rain patterns under isolated trees surrounded by high levels of woody 946 
vegetation within our study, is likely due to a “dilution effect”, whereby an increase in tree 947 
abundance within pasture systems can lead to an increase in choice for seed dispersers, 948 
resulting in less visitation and seed dispersal events per tree (Holl 1998, Wenny 2001); with 949 
the opposite occurring under isolated trees surrounded by lower levels of woody vegetation 950 
within pastures.  It is still unclear, however, if increased choice for dispersers would lead to 951 
more random dispersal events and diminished occurrence of directed dispersal or if these 952 
processes impact the overall abundance and diversity of seeds entering pastures, given other 953 
factors that can influence seed dispersal such as seed source (Herrera and García 2009) and 954 
disperser abundance (Pejchar et al. 2008, Carlo and Morales 2016).   955 
 956 
Differences in the density of woody vegetation within pastures might also impact seedling 957 
recruitment and community composition under isolated trees, due to both seedling 958 
establishment largely being reliant on directed seed dispersal (Carlo and Morales 2016) and 959 
by the creation of favorable microclimates and the suppression of grasses and weeds beneath 960 
isolated tree canopies (Guevara et al. 1992, Slocum 2001).  Our results are supported in part 961 
by Derroire et al. (2016) who recorded a decrease in recruitment of animal dispersed species 962 
under isolated trees situated in pastures with increasing areas of woody vegetation within a 963 
500m radius.  We did not sample woody recruits in our study (due to pastures being actively 964 
grazed), making it difficult to infer seedling establishment from seed dispersal alone, 965 
especially given the variation of recruitment success among species (Harms et al. 2000), 966 
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seed predation (Wenny 2000) and inter/intra-specific competitive interactions (Tilman 967 
1994).  To date, the relationship between seed dispersal and seedling establishment under 968 
isolated pasture trees remains mostly untested (but see Laborde et al., 2008) and further 969 
research is needed to examine these important dynamics.  970 
 971 
Effects of distance to forest on seed rain 972 
In the three tropical regions included in this study, Australia, Colombia and Nigeria, seed 973 
diversity, richness and evenness patterns all decreased under isolated trees with increasing 974 
distance away from forest patches, a finding consistent with an island biogeography view of 975 
these landscapes.  The opposite pattern, however, was observed in the Australian subtropics.  976 
While our results from the tropical regions are consistent with Sritongchuay et al. (2014) 977 
under isolated trees within Thailand, similar studies in the Neotropics and Africa found no 978 
effect of distance to seed rain patterns (Duncan and Chapman 1999, Zahawi and Augspurger 979 
2006, Laborde et al. 2008).  Isolated trees that are closer to forest patches may be more 980 
attractive to seed dispersers, due to travelling shorter distances, lower energy expenditure 981 
and reduced exposure to predators (Silva et al. 1996).  This pattern may also be reflected in 982 
higher seedling recruitment rates under isolated trees that are closer to the forest edges 983 
(Derroire et al. 2016), supporting observations that passive forest recovery is typically 984 
accelerated within areas closer to forest edges (Günter et al. 2007).  985 
 986 
In contrast to our three tropical regions, seed rain patterns under isolated pasture trees in the 987 
Australian subtropics, increased with increasing distance from forest fragments.  While this 988 
pattern is contrary to expectations based on island biogeography theory, increased seed rain 989 
has been recorded under artificial perching structures (Holl 1998) with increasing distances 990 
away from forests in other landscapes.  One explanation for this seed rain pattern, is the 991 
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prevalence of generalist bird species that persist within fragmented landscapes and are 992 
effective seed dispersers within pasture systems (Pejchar et al. 2008), often utilizing both 993 
isolated pasture trees and adjacent forest patches (Wunderle Jr 1997).  This is especially true 994 
within the sub-tropics of Australia, where generalist bird species often dominate cleared 995 
areas and forest edges (Catterall et al. 1997), suggesting that the movement of generalist 996 
species throughout these landscapes are not restricted by distance from the surrounding 997 
forest (Moran et al. 2009, Moran and Catterall 2014) .  In support of this, surveys conducted 998 
between 2014 and 2015 on bird visitation to the isolated trees within each of our three sub-999 
tropical landscapes (data not shown), recorded vastly higher rates of visitation from 1000 
generalist species (45 % of total species visitation), such as the Noisy minor (Manorina 1001 
melanocephala), Australian magpie (Gymnorhina tibicen) and the Spangled drongo 1002 
(Dicrurus bracteatus), compared to obligate rainforest specialists (2 %), and were the only 1003 
species observed in isolated trees further than 400 m away from the forest (Holding, 1004 
unpublished data).  The preference of many generalist species to nest within isolated trees 1005 
may also alter seed rain patterns within these pasture systems (Guevara and Laborde 1993), 1006 
however, there was no evidence of nesting sites within either our selected or nearby isolated 1007 
trees in the concurrent bird surveys conducted in our subtropical landscapes (Holding, 1008 
personal communication).   The spatial arrangement of woody vegetation in the pasture may 1009 
also influence dispersal distance, with spatially clumped vegetation receiving higher rates of 1010 
bird visitation (Fink et al. 2008) and a decrease in seed dispersal distances (Westcott and 1011 
Graham 2000).  Further, as we were unable to establish the origins of the seeds collected, 1012 
with species present both within the pasture and adjacent forests, it is possible that seed 1013 
dispersal occurred between multiple isolated pasture trees, potentially masking the strength 1014 
of influence of distance on seed rain patterns.     1015 
 1016 
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Throughout all regions assessed in this study, there was no observed effect of the presence 1017 
of fleshy fruits, canopy cover or the height of isolated trees on seed rain patterns. The lack of 1018 
influence of fleshy fruit production was unexpected, given that food resources are known to 1019 
attract avian seed dispersers to isolated trees (Silva et al. 1996, Wunderle Jr 1997). For 1020 
instance, Herrera et al. (1994) and Slocum and Horvitz (2000) recorded higher levels of seed 1021 
rain under isolated trees that produced fleshy fruit compared to non-fleshy fruit.  1022 
Fluctuations in resource availability within the landscape can influence disperser movement 1023 
patterns and seed dispersal within pasture systems, with abundant forest resources often 1024 
reducing the need of dispersers to enter pastures looking for food (Silva et al. 1996).  While 1025 
we did not survey fruit availability within the surrounding forests, the relatively high 1026 
abundance and richness of rainforest seed collected in traps across all regions suggest that 1027 
fruit limitation, at least during our sampling periods, was not evident in the surrounding 1028 
landscape, indicating that dispersal within these systems is unlikely to be driven solely by 1029 
fruit availability within isolated trees.  The increase in seed abundance and richness under 1030 
isolated trees during the wet season in Colombia, Nigeria and the sub-tropics of Australia 1031 
was as expected, as fruit production is typically higher within these regions during the wet 1032 
season (Hilty 1980, Lieberman 1982, Innis 1989).  The opposite pattern observed within the 1033 
Wet Tropics of Australia was not anticipated, however, given that peak fruiting times within 1034 
this region typically occur towards the middle to late wet season (Frith and Frith 1985, 1035 
Westcott et al. 2009) and a possible delay in fruiting may have resulted in fruit being 1036 
available well into the dry season. 1037 
 1038 
 1039 
 1040 
 1041 
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Conclusion 1042 
 1043 
As demand to restore and recover human altered tropical countryside landscapes continue to 1044 
increase, identifying the dynamic relationships between matrix vegetation and forest 1045 
recovery is becoming increasingly important.  The results from our study confirm the active 1046 
role that isolated pasture trees perform as a focus for seed dispersal and highlight the 1047 
consistent effect of landscape position and matrix vegetation on seed rain patterns within 1048 
old-fields across distinct tropical regions of the planet.  Although our study focused on the 1049 
initial stage of forest recovery within old-fields, the influence of matrix vegetation density 1050 
on seed dispersal may allow for predictions and further questions regarding early 1051 
successional trajectories under isolated trees around the planet.  For instance, under a 1052 
“dilution effect” scenario, we may expect two distinct outcomes: 1) low frequencies of 1053 
highly diverse and abundant seedling communities under isolated trees in pastures with 1054 
lower levels of woody vegetation and 2) high frequencies of less diverse and abundant 1055 
communities under trees in landscapes with higher levels of woody vegetation within 1056 
pasture.  While these predictions are supported by Derroire et al. (2016), the relationship 1057 
between seed dispersal seedling survival under isolated pasture trees remains poorly 1058 
understood. It is clear that seed dispersal does not always equate to seedling survival (Reid 1059 
and Holl 2013).  Species that recruit within pastures are highly likely to originate from the 1060 
species pool of dispersed seed (Carlo and Morales 2016),  and given the facilitative effects 1061 
of isolated trees on seedling recruitment under their canopies (Laborde et al. 2008), the link 1062 
between dispersal and recruitment may be stronger than once predicted.  Further evidence 1063 
for this pattern was observed in one of our study regions within the Wet Tropics of 1064 
Australia, whereby the species of seedling recruits were consistently represented within the 1065 
seed rain entering adjacent old-fields (Charles et al. 2017).  Future research is needed, 1066 
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however, to quantify the connection between seed dispersal and recruitment success under 1067 
the canopies of isolated pasture trees to further our understanding on early successional 1068 
processes within tropical old-fields.  This study emphasizes the importance of identifying 1069 
biogeographical patterns throughout multiple tropical countryside landscapes and provides a 1070 
much-needed comparison of dispersal driven early-stage forest successional processes 1071 
between global tropical regions.  1072 
 1073 
 1074 
 1075 
 1076 
 1077 
 1078 
 1079 
 1080 
 1081 
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 1082 
 1083 
Fig 3.1 Maps of tropical regions and study landscapes (black dots) surveyed within this study: a) 1084 
Wet Tropic region of northeastern Australia, b) sub tropic region of eastern Australia, c) Ngel Nyaki 1085 
Forest Reserve in eastern Nigeria, d) Chocó-Darien region of northwestern Colombia and e) an 1086 
example of the three radii distances used to measure surrounding forest cover and woody pasture 1087 
vegetation area around each isolated pasture tree within a landscape. Grey shaded areas represent 1088 
forest cover, while white areas represent anthropogenic land uses. 1089 
 1090 
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 1091 
Fig 3.2 Rainforest seed diversity (Shannon – Weiner index) under isolated pasture trees in relation to 1092 
distance of the isolated tree to the nearest forest fragment (m) and low (dotted black line), mean 1093 
(solid grey line) and high (solid black line) levels of woody vegetation area within pasture (m2), 1094 
within a 500 m radius of the isolated tree.  Values for low, mean and high levels of woody vegetation 1095 
area for each region are Colombia (4000, 39406, 80000 m2), Nigeria (2500, 28467, 85000 m2), 1096 
Australian Wet Tropics (3500, 13693, 60000 m2) and Australian sub tropics (4000, 39798, 70000 1097 
m2) respectively. 1098 
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 1099 
Fig 3.3 The relationship between rainforest seed abundance under isolated pasture trees in four 1100 
tropical regions and the area of woody vegetation within pasture (m2), within a 500m radius of the 1101 
isolated tree.   1102 
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 1105 
Fig 3.4 Differences between the wet and dry seasons for a) mean rainforest seed abundance a) and b) 1106 
richness under isolated pasture trees within four distinct tropical regions.  Bars are associated with 1107 
standard error.  Asterisks denote level of significance (Ho: µ=0; *: p≤0.05, **: p<0.01, ***: 1108 
p<0.001). 1109 
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Chapter 4: Species wood density and the location of planted seedlings drive early-stage 1122 
seedling survival during tropical forest restoration. 1123 
 1124 
Introduction    1125 
 1126 
With the extensive loss of tropical forest over the last century and the current global increase 1127 
in land abandonment (Cramer et al. 2008, Munroe et al. 2013), ecological restoration to aid 1128 
the recovery of degraded ecosystems is becoming increasingly important  (SER, 2002).  1129 
Restoring tropical forested ecosystems commonly involves planting species to accelerate 1130 
forest recovery (Chazdon 2008a).  Despite the abundance of restoration theories and 1131 
techniques, many restoration projects starting from abandoned pastures still fail to achieve 1132 
desired goals (Lamb et al. 2005).   1133 
 1134 
The large variability in outcomes among tropical forest restoration efforts is largely due to 1135 
the many biotic and abiotic factors across spatial scales that impede early-stage seedling 1136 
establishment and growth. Seedling establishment can be influenced by landscape-scale 1137 
factors such as distance of plantings to established forest patches (Catterall et al. 2008),  1138 
aspect (Nagamatsu et al. 2002) and soil fertility (Guariguata and Ostertag 2001), but these 1139 
factors have generally not been examined for early-stage seedling survival (but see 1140 
Martínez-Garza et al. (2013b)). Topographical slope has also been shown to influence 1141 
seedling performance, due to increased accumulation of organic matter content on shallow 1142 
slopes and subsequent increased available soil Phosphorus (Cheesman et al. In Press).  1143 
Local-scale factors of the planting site, such as competition with resident grass and weed 1144 
species, may also impede seedling establishment (Holl and Kappelle 1999, Hooper et al. 1145 
2002). Despite evidence of their importance, restoration efforts that focus on these factors 1146 
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still vary considerably in whether they are successful (Dudley et al. 2005, Bechara et al. 1147 
2016). 1148 
 1149 
To mitigate these factors, much attention has focused on species selection.  Projects differ 1150 
markedly in how species are selected, particularly in their consideration of species’ 1151 
phenologies, functional traits and responses to local environments. Species selection based 1152 
on successional status (e.g. early, late secondary or mature species) is recommended under 1153 
some restoration frameworks (Goosem and Tucker 1995, Rodrigues et al. 2011), but has 1154 
largely been untested in replicated planting experiments (but see Martínez-Garza et al. 1155 
(2013a)). Other approaches, including species selection based on plant functional traits 1156 
(Laughlin 2014) have not yet been widely incorporated into restoration practice. These trait-1157 
based approaches are motivated in part by previous studies linking traits with increased 1158 
survival and growth in restoration plantings and mature forests. For instance, Martínez-1159 
Garza et al. (2005) recorded increased growth and survival of planted seedlings with 1160 
increased variation in specific leaf mass (SLM) while Poorter et al., (2008) and Wright et 1161 
al., (2010) found greater seedling survival for species with higher wood density and seed 1162 
volume in mature-phase tropical forests.  Additionally, comparisons of seedling 1163 
establishment between monoculture and mixed diversity plantings have also been examined 1164 
(Piotto 2008, Plath et al. 2011), yet comparisons between low and high levels of diversity 1165 
within mixed species plots in restoration plantings are still lacking. 1166 
 1167 
The early stage of seedling establishment (typically between 1 - 3 years) is a strong predictor 1168 
of mid-term performance of restoration plantings (Montagnini et al. 1995, Martínez-Garza et 1169 
al. 2013a).  While seedlings during the initial stages of restoration plantings are highly 1170 
susceptible to many biotic and abiotic factors, these impacts can be exacerbated by 1171 
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transplanting shock (Burdett 1990) and poor planting conditions, such as inappropriate 1172 
seedling handling and planting techniques (Grossnickle 2005). Consequently, seedling 1173 
mortality during the establishment phase can alter early successional trajectories and 1174 
potentially lead to arrested forest recovery (Lamb 2011).  The paucity of research into early-1175 
stage seedling establishment under different diversity planting regimes (Lamb and Lawrence 1176 
1993),  coupled with the distinct lack of monitoring of seedling survival and growth in many 1177 
restoration projects (Kanowski et al. 2010), underscores the need for more research into the 1178 
factors that influence early stage seedling establishment and future forest recovery.  1179 
 1180 
The aim of this study was to increase understanding of the factors influencing seedling 1181 
survival, and how these factors change over time. We present survival data recorded during 1182 
the first two and a half years of a rainforest restoration experiment in the Wet Tropics of 1183 
Australia. The specific questions we ask are: 1) How important are landscape, site and 1184 
planting conditions to seedling survival?  2) Do species functional traits explain variation in 1185 
seedling survival? and 3) Do these factors change during the first two and a half years of 1186 
seedling establishment?  Given the wide range of factors that can influence early-stage 1187 
seedling survival, we predicted a similarly large diversity of factors responsible for 1188 
explaining survival patterns.  In particular, we hypothesize that seedling survival will be 1189 
highest on shallow slopes near forest, based on previous findings in the literature 1190 
(Nagamatsu et al. 2002, Catterall et al. 2008). Due to the commonly observed relationship 1191 
between the functional traits of species and seedling survival, we also hypothesized that 1192 
species with high wood density and larger seed masses will have higher survival rates than 1193 
species with low wood densities and small seeds (Baraloto et al. 2005, Poorter et al. 2008).  1194 
 1195 
Methods 1196 
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 1197 
Study site 1198 
This study was undertaken on the Thiaki Creek Nature Reserve (Fig. 4.1), located on the 1199 
southern Atherton Tablelands of far North Queensland, Australia (145°51’E 17°43’S), 1200 
between 900 and 1000 m elevation, with an average annual rainfall of 1940 mm (Cheesman 1201 
et al. In Press). The underlying substrate is basaltic (Tracey 1982) with a varied topography 1202 
of narrow valleys surrounded by 15° to 45° slopes. The 181 ha reserve comprises 130 ha of 1203 
primary and mature secondary rainforest, classified as Endangered Regional Ecosystem 1204 
7.8.4, Upper Barron complex notophyll vine forest (Bell et al. 1987) and 51 ha of abandoned 1205 
pasture which was the focus of the restoration experiment established in January 2011. The 1206 
pasture area had a consistent land use history (remnant forest cleared for grazing 1207 
approximately 50 years ago) and the pasture itself was relatively homogeneous in 1208 
composition prior to planting.   1209 
 1210 
Experimental design 1211 
In January 2011, approximately 28,000 rainforest seedlings were row planted in a 1212 
randomized complete block design consisting of eight blocks each containing eight 50 m x 1213 
50 m plots separated by a 10 m buffer zone. The experiment included a two-level planting 1214 
density treatment: low-density (seedlings spaced 3 m apart) and high-density (seedlings 1215 
spaced 1.75 m apart) and a three-level species diversity treatment (one, six and 24 species). 1216 
The diversity treatment was phylogenetically nested with 24 local rainforest tree species 1217 
from six common families: Lauraceae, Moraceae, Myrtaceae, Proteaceae, Rutaceae and 1218 
Sapindaceae (Appendix 4.1). All monoculture plots were composed of Flindersia 1219 
brayleyana (Rutaceae). We recognize that this decision prevented any general conclusions 1220 
about seedling mortality in monoculture and thus deal with data on this species (and thus 1221 
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monoculture plots) separately from the higher diversity treatment plots. The multispecies 1222 
“low diversity” treatment included one species from each of the six focal families. The high 1223 
diversity treatment included all 24 species, four species from each family and included all 1224 
those species present in the low diversity treatment. Flindersia brayleyana was used in all 1225 
three treatments. Within each experimental block, we assigned two control treatment plots, 1226 
with no planted seedlings. Plots were randomly assigned treatments within each block (Fig. 1227 
4.1).  1228 
 1229 
Species were selected based on their commonality in local intact rainforest, availability in 1230 
local nurseries and a suit of functional traits selected to match common successional stages. 1231 
Specifically, we selected species in each focal family to span a broad range of trait values 1232 
for the following traits: maximum tree height, wood density, dispersal vector, seed size and 1233 
successional stage. Classifications of successional stages included early, late secondary and 1234 
mature stage species.  Early successional species are typically short lived, fast growing, 1235 
shade intolerant species and display both low wood density and small seed mass (Hopkins et 1236 
al. 1979). Mature stage species are shade tolerant, longer-lived, slow growing species with 1237 
high wood densities and large seeds (Hopkins et al. 1979).  Early and mature stage species 1238 
are functionally analogous with pioneer and non-pioneer species, respectively, as described 1239 
by Whitmore (1989).  Late secondary species display moderate growth rates and increasing 1240 
shade intolerance with age (Hopkins et al. 1979) and are functionally equivalent to longer-1241 
lived pioneer species (Whitmore 1989).  Seedlings were sourced from two local nurseries: 1242 
Yuruga Nursery (13,120 seedlings) and Tablelands Regional Council Revegetation Nursery 1243 
(14,880 seedlings).  Seedling age ranged from 12 – 15 months, with seedling size consistent 1244 
within species. 1245 
 1246 
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Species from both six- and 24-species diversity treatments were randomly assigned within 1247 
rows in each plot. After cattle removal and prior to planting, the pasture was dominated by 1248 
the exotic grass Urochloa decumbens. We applied a monocot specific herbicide (Fusillade) 1249 
along designated planting rows of all treatment plots (excluding one control plot in each 1250 
block), leaving alternate rows of unsprayed grass to reduce the potential for run-off and 1251 
erosion.  Herbicide application within rows was continued every six months until August 1252 
2012. To avoid potential desiccation of seedlings, planting was conducted during the 1253 
regional wet season. However, during planting in January 2011, a tropical cyclone off the 1254 
eastern coast of the study region created unseasonably dry weather during planting. No 1255 
rainfall was recorded at the planting site until five days after the planting was complete. 1256 
Seedlings were planted without fertilizer application by professional planters using standard 1257 
forestry industry techniques.  Seedlings were not manually watered after planting. The 1258 
identity and location of planted seedlings was recorded along each row in all plots. 1259 
 1260 
Explanatory variables 1261 
Slope and aspect of the plots were measured using a clinometer and compass, respectively. 1262 
We measured the distance from the centre point of plots to the nearest surrounding forest 1263 
fragments using ArcGIS (ESRI 2006). The identity of the person responsible for planting 1264 
individual seedlings (hereafter referred to as planter identity) and the day until first rain were 1265 
also recorded (plots differed in the time between planting and rainfall). Wood density 1266 
estimates for all planted species were obtained from Chave et al. (2009) and Zanne et al 1267 
(2009). Dry seed mass values were obtained from the literature and the Royal Botanic 1268 
Gardens Kew Seed information database (Royal Botanic Gardens Kew 2017).  Maximum 1269 
adult height values and dispersal vectors were obtained from Cooper and Cooper (2004). 1270 
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The complete list of explanatory variables examined in this study can be found in Appendix 1271 
4.2.  1272 
 1273 
Data collection 1274 
To minimize edge effects within experimental plots, the survival of seedlings was recorded 1275 
only in a central 25 m x 25 m subplot within each treatment plot.  Seedling status was 1276 
recorded by visual inspection, with seedlings deemed to be dead if there was pronounced 1277 
stem desiccation, no leaves, and/or the seedling could not be located. Seedling survival was 1278 
assessed at six-month intervals starting 4-months after planting in April 2011 until July 1279 
2013. 1280 
 1281 
Data analysis 1282 
Seedling survival (binary response, 1 = living, 0 = dead) was modeled as a function of 1283 
planting regime, landscape and site-scale variables and species’ functional traits (Appendix 1284 
4.2) using generalized linear mixed-effect models with logit link function and binomial error 1285 
distribution. Block and plot (nested within block) and family and species (nested within 1286 
family) were included as random effects in all models. Two-way interactions between 1287 
functional traits (wood density, seed mass and maximum tree height) and plot slope, 1288 
distance to forest and day until first rain were included in all models to test for species level 1289 
differences in their responses to different factors. Plot aspect was not included in any 1290 
interactions due to the uneven distribution of south-facing (31%) compared to north-facing 1291 
plots (69%). While wood density, seed mass and maximum tree height were included as 1292 
species-level variables, they likely also vary by family. As such, we first ran a variance 1293 
component analysis which indicated that ~35% of variance in both wood density and seed 1294 
mass occurred between families and 65% within families (Appendix 4.3), though much of 1295 
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the within-family variation was driven by two families - Lauraceae and Proteaceae for wood 1296 
density and Lauraceae and Moraceae for seed mass (Appendix 4.4). Thus, our wood density 1297 
and seed mass variables captured both species and family level differences. Variation in 1298 
maximum tree height occurred entirely within families (Appendix 4.3).  Before fitting 1299 
models, there was no evidence of correlation among explanatory variables (Pearson’s 1300 
product-moment correlation, Appendix 4.5).   1301 
Seedling survival was analyzed separately for three time periods representing early stage 1302 
survival (0 - 4 months, 4 – 9 months and 9 – 31 months post planting). Due to low seedling 1303 
survival within the first four months the density of planted seedlings within plots changed 1304 
considerably, thus density was excluded as an explanatory variable from all mixed-effects 1305 
models. Monoculture treatment plots (containing F. brayleyana) were excluded from 1306 
analyses due to lack of variation in family and functional traits. Separate analyses were 1307 
conducted for F. brayleyana survival across all plots since it was the only species included 1308 
in a monoculture treatment. Maximal models containing all relevant explanatory variables 1309 
for each time period were simplified by removing non-significant terms (determine by Wald 1310 
Z tests) one at a time. Data analysis was conducted using the R statistical software package 1311 
version 3.3.3, using the lme4 package (R Development Core Team 2010, Bates et al. 2011). 1312 
Post hoc tests of pairwise treatment differences were conducted for F. brayleyana seedling 1313 
survival using the glht function in the multcomp package (Hothorn et al. 2008). 1314 
 1315 
Results 1316 
 1317 
Overall seedling performance 1318 
Of the 6657 seedlings for which data were collected in this experiment, only 3544 survived 1319 
(53.2%) to 31- months post planting. Overall probability of seedling survival varied by 1320 
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family, with species from Moraceae having the highest probability of survival (0.7) and 1321 
Lauraceae (0.33) the lowest (Appendix 4.6). Survival probability differed considerably 1322 
between species within families as well (Appendix 4.6) with Stenocarpus sinuatus (0.87), 1323 
Rhodamnia sessiliflora (0.8) and Guioa lasioneura (0.8) the top surviving species, and 1324 
Cryptocarya oblata (0.09) and Melicope jonesii (0.09) experiencing the lowest survival.  1325 
 1326 
Factors affecting seedling survival  1327 
Seedling survival was affected by multiple factors, and the relative importance of these 1328 
factors changed through time. At 0 – 4 months, seedling survival was marginally higher in 1329 
south-facing than north-facing slopes, with significantly higher survival in plots close to 1330 
forest fragments than those further from forests.  This distance effect was most pronounced 1331 
for low wood density species (Fig. 4.2, Appendix 4.7). Survival of F. brayleyana in 1332 
monoculture, low and high diversity plots over the same period was best explained by slope, 1333 
with greater seedling survival on steeper slopes (Appendices 4.8 and 4.9).    1334 
 1335 
For the 4 – 9-month period, seedling survival was the best explained by species’ wood 1336 
density, slope, distance to forest and planter identity (Appendix 4.10). Like the preceding 1337 
time period, seedling survival decreased with distance from forest fragments (Appendix 1338 
4.11). Seedling survival declined with increasing slope, and was lower for species with low 1339 
wood density (Fig. 4.3a), though there were no significant interactions between wood 1340 
density and other variables during this time period. Survival also varied significantly among 1341 
planters (Fig. 4.3b). No explanatory variables proved to be good predictors of F. brayleyana 1342 
survival during this time period.  1343 
 1344 
	61	
During the final 9 – 31 months, survival was best explained by distance to forest, planter 1345 
identity and the interaction between slope and wood density (Appendix 4.12). The 1346 
significant interaction between wood density and slope (Fig. 4.4a) indicated that high wood 1347 
density species survived better on shallow slopes, but on steep slopes all species experienced 1348 
similarly low survival, regardless of wood density. Similar to the previous time periods, 1349 
survival varied among planter identity, but the order of planters changed through time 1350 
(planter 5 had lowest survival during 4 - 9 months, whereas planter 1 had lowest survival 1351 
during 9 -31 months, Fig. 4.4b). Flindersia brayleyana survival during the final period was 1352 
best explained by the diversity treatment (Appendix 4.13), with survival significantly lower 1353 
in monocultures than in the 6- and 24-species treatments (Fig. 4.5, Appendix 4.14).  Apart 1354 
from wood density, no other functional trait explained variation in seedling survival over the 1355 
31-month observation period.   1356 
 1357 
Discussion  1358 
 1359 
The probability of seedling survival during early-stage restoration was influenced by 1360 
multiple interacting landscape and biological factors, with the strength of some factors 1361 
changing over time. Only wood density, a species-level predictor, and the distance of 1362 
plantings to forest fragments consistently influenced seedling survival throughout the 31-1363 
month observation period. Overall, seedlings with high wood densities planted near intact 1364 
forest patches had the greatest probability of survival. This positive wood density effect 1365 
suggests that when planting into abandoned pastures it may be preferable to include species 1366 
with higher wood densities to maximize survival during the crucial early stages of 1367 
establishment and growth. 1368 
 1369 
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Effects of functional traits on seedling survival   1370 
Throughout this study wood density had a consistently positive effect on seedling survival. 1371 
Our results are consistent with seedling survival-growth trade-offs identified in other 1372 
tropical rainforest species (Poorter et al. 2008, Chave et al. 2009), with higher wood density 1373 
species displaying higher survival than species with lower wood densities, at the expense of 1374 
slower growth (Nascimento et al. 2005, Kraft et al. 2010). The very high levels of light and 1375 
heat exposure typically experienced in open tropical pasture may favor species with higher 1376 
wood densities that typically have reduced risk of xylem implosion under water stress than 1377 
low wood density species (Hacke et al. 2001, Sperry et al. 2008).  Contrary to our 1378 
expectations, seed mass did not explain variation in early-stage seedling survival.  1379 
Surprisingly, we observed a negative relationship between seed mass and survival (a 1380 
relationship also found by Martínez-Garza et al. (2013a)), although this relationship was 1381 
non-significant.  This result is counter to survival patterns observed in plantings (Baraloto et 1382 
al. 2005) and mature forests (King et al. 2006), whereby larger seed mass is correlated with 1383 
higher early survival rates in seedlings due to an increase in energy reserves over a longer 1384 
period compared to smaller seeds (Kitajima 1996), with this effect diminishing with seedling 1385 
age (Wright et al. 2010).  1386 
 1387 
Despite strong evidence of a survival-growth trade-off in tropical trees, early-successional 1388 
species with low wood densities are often selected for restoration projects under the 1389 
assumption that restoration plantings follow the same recovery trajectory as naturally 1390 
regenerating forests, notably that early successional species start the regeneration process 1391 
and later successional species move in to replace them once fast growing early successional 1392 
species have created a closed canopy and start to die out (Palmer et al. 1997).  However, 1393 
there is increasing evidence that restoration projects do not always follow this trajectory 1394 
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(Griscom and Ashton 2011, Lamb 2011). Though early successional species are clearly 1395 
important in the natural regeneration of many forest systems, our results (along with others; 1396 
(Montagnini et al. 1995, Hooper et al. 2002, Bonilla-Moheno and Holl 2010)) suggest that 1397 
they may not be the best choice for planting-based forest restoration. Rarely are funds 1398 
sufficient for supplementary plantings in restoration planting projects (Chazdon 2008a, Holl 1399 
and Aide 2011) and natural recruitment can be slow in plantings undertaken in open pasture 1400 
(Florentine and Westbrooke 2004b). If plantings rely heavily on early successional species 1401 
with fast growth and high mortality rates, canopies may never actually form, or may reopen 1402 
over time as plants senesce and recruitment fails to fill gaps. Our results suggest that when 1403 
restoration funding is limited, planting high wood dense species with slower growth rates 1404 
may help to maximize mid-term restoration success. 1405 
 1406 
Effects of distance to forest on seedling survival   1407 
Seedling survival decreased with distance from forest fragments throughout the observation 1408 
period. Air temperature, vapor pressure deficit and soil temperature can increase with 1409 
distance from forest (Pareliussen et al. 2006). Forest edges can provide intermittent shading 1410 
throughout the day and this reduction in sun exposure and evaporation may provide a more 1411 
suitable microhabitat for survival and/or growth of young seedlings (Duncan and Duncan 1412 
2000). This is likely important for both early and late successional species in reducing stress 1413 
levels as discussed above. The impact of distance from forest was stronger for species with 1414 
low wood densities, further supporting our conclusion that reliance on early successional 1415 
species with lower wood densities may reduce the likelihood of restoration success in 1416 
exposed restoration sites.  1417 
 1418 
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There is some evidence that herbivore pressure can increase with distance to forest as well, 1419 
though this appears somewhat system specific (Myster and McCarthy 1989, Ostfeld et al. 1420 
1997). While herbivore damage was not directly measured in our experiment, herbivory was 1421 
not observed to be substantial in any of our experimental plots (L. Charles, T. Smith 1422 
personal observation). Given that many global forest restoration efforts are conducted in 1423 
abandoned pastures, the effect of planting distance from adjacent forests on seedling 1424 
mortality is relevant regardless of the root cause. The lower probability of seedling survival 1425 
in exposed pastures highlights the importance of targeted management schemes, such as 1426 
enrichment plantings expanding out from existing fragments, or selecting species with 1427 
appropriate physiological adaptations for use further away from forest fragments. 1428 
 1429 
Effects of slope on seedling survival  1430 
Consistent with previous studies (Nagamatsu et al. 2002, Daws et al. 2005), during the 4 – 9 1431 
month time period, seedlings planted on steep slopes experienced lower survival compared 1432 
to seedlings planted on shallow slopes (Fig. 4.3a). This trend became more pronounced with 1433 
time for all species (Fig. 4.4a). Typical factors associated with steeper slopes include 1434 
increased water run-off (Snyman and Van Rensburg 1986), soil erosion and reduced water 1435 
retention (Meyer and Wischmeier 1969). At this site, grass strips were intentionally retained 1436 
to minimize erosion and runoff. Observed increases in seedling mortality on steeper slopes, 1437 
however, suggest that either these strips were ineffective or that other abiotic factors caused 1438 
negative associations with slope. To further investigate why mortality was higher on steep 1439 
slopes at this site, we conducted post-hoc linear regression analyses of soil samples collected 1440 
from each experimental plot. In this analysis we found no relationship between slope and 1441 
soil temperature, pH, electrical conductivity or available nitrogen (Appendix 4.15).  It is, of 1442 
course, possible that unmeasured soil factors created the observed slope effect, such as 1443 
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historical nutrient run-off, erosion and compaction associated with initial forest clearing and 1444 
decades of cattle grazing. For example, in the same experimental plots used in this study, 1445 
Cheesman et al. (In Press) recorded a strong negative relationship between slope angle and 1446 
organic matter content, with soil Phosphorus (P) levels increasing with increasing organic 1447 
matter.  In addition, (Cheesman et al. In Press) found that the species Cardwellia sublimis 1448 
grew well on steep slopes with low P due to proteoid roots that can mobilize soil P (Lambers 1449 
et al. 2015).  Finally, planting may have been more difficult on steep slopes, resulting in 1450 
suboptimal planting techniques, which likely explains some of the variable performance of 1451 
individual planters. The planter-mediated effect could also have been exacerbated by drier 1452 
conditions on steep slopes where drainage and soil moisture holding capacity are probably 1453 
lower, factors not measured here but worth assessing in the future. As we did not score 1454 
“planting quality” per individual tree, it is hard, however, to disentangle such effects. 1455 
Regardless of the cause, this finding is particularly important for tropical restoration given 1456 
that many passive and active forest recovery projects are located on steep terrain (Asner et 1457 
al. 2009). Again identifying local species that survive and grow on steep slopes, such as 1458 
Cardwellia sublimis may be key to improving success rates of rainforest restoration. 1459 
 1460 
Effects of aspect on seedling survival   1461 
Consistent with previous studies (Armesto and Martinez 1978) we found a significant 1462 
(though weak) relationship between aspect and seedling survival during the first four months 1463 
post planting, with the probability of seedling survival marginally higher on south-facing 1464 
slopes (Appendix 4.7). North-facing slopes in the southern hemisphere consistently 1465 
experience more direct solar radiation than south facing slopes (Tian et al. 2001) which can 1466 
increase surface temperature and moisture evaporation (Monteith 1965) and lead to less 1467 
favorable environments for planted seedlings (Turton and Freiberger 1997). However, in the 1468 
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absence of both west and east facing plots in our experimental landscape, we advise that 1469 
these results do not give a full picture of seedling performance across more topographically 1470 
heterogeneous landscapes.  The aspect result may also reflect differences in light tolerance 1471 
among our study species, a trait we did not assess. While there is evidence that seedling light 1472 
tolerance can impact survival rates within plantings (Augspurger 1984), many species are 1473 
able to acclimate to high light conditions (Loik and Holl 1999). Given that these species-1474 
specific responses have largely been untested in restoration experiments, and given our 1475 
strong wood density results, future studies of species-specific responses to high light 1476 
conditions are clearly warranted.  1477 
 1478 
Effects of planter on seedling survival   1479 
Following the first four months post planting, the probability of seedling survival was 1480 
somewhat dependent on who planted the seedling (planter identity; Fig. 4.3b and 4.4b). The 1481 
absence of a planter effect in the first time period is surprising given past research 1482 
quantifying planter effects (Rietveld 1989). The cyclone-induced dry period during planting 1483 
may have masked short-term planter effects, by inducing immediate stress responses in all 1484 
seedlings following planting, regardless of planter identity. Past studies have found that poor 1485 
planter technique can damage roots and reduce root contact with the soil, which causes a 1486 
reduction in a plant’s ability to obtain water many months after planting (Burdett 1990, 1487 
Grossnickle 2012). The professional planters used in this study included a mix of 1488 
experienced planters (5+ years planting experience) and novices (mostly backpackers with < 1489 
1 season of planting experience). Though we did not quantitatively evaluate planter 1490 
background, our qualitative observations were that experienced planters were noticeably 1491 
better tree planters. Our results suggest that if using untrained planters, training and quality 1492 
control measures are worthwhile to improve seedling survival.  1493 
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 1494 
Effects of diversity treatments on seedling survival   1495 
There was no observed effect of planting diversity on seedling mortality. When analysed 1496 
separately, however, the probability of F. brayleyana seedling survival across all three 1497 
diversity treatments was significantly lower in the monoculture plots than in the six species 1498 
diversity plots (Fig. 4.5), at least during the latest time period. This result contrasts with past 1499 
studies comparing survival between monoculture and mixed species plantings within the 1500 
Neotropics (Piotto et al. 2003, Potvin and Gotelli 2008, Plath et al. 2011).  Seedling 1501 
mortality in monoculture stands can result from increased herbivore or pathogen 1502 
susceptibility (Jactel et al. 2005), though no obvious herbivores and pathogens were evident 1503 
in our plots. Past studies have suggested that mortality in monocultures is species specific 1504 
and thus our monoculture treatment cannot be generalized beyond F. brayleyana (Forrester 1505 
et al. 2006). Results for this species are important, however, as F. brayleyana is commonly 1506 
used in low-diversity timber plantations and more diverse restoration plantings.   1507 
 1508 
Conclusion 1509 
 1510 
Restoration projects can be expensive and labor intensive, with no real guarantee of success. 1511 
This situation is further impeded by the lack of large-scale, controlled studies of seedling 1512 
performance in diverse types of restoration projects. Our study demonstrates that seedling 1513 
survival is influenced by both biological and landscape factors, some of which are persistent, 1514 
while others are transient. In particular, we show that planted species and sites (context, 1515 
slope, aspect) can be carefully selected to maximize early-stage seedling establishment, and 1516 
to reduce the probability of delayed forest recovery. We found no evidence that planting 1517 
large numbers of species (24) improved seedling survival rates early in planting 1518 
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establishment, despite higher diversity being advantageous in later successional stages and 1519 
being an increasingly common approach to restoration plantings in Australia’s tropics (and 1520 
further afield). Our results also suggest that to maximize seedling survival in the first few 1521 
years post planting, it is important to use experienced planters, use a high proportion of 1522 
species with high not low wood densities (or species known to be robust to local planting 1523 
conditions), and where possible, select restoration sites adjacent to existing forest patches. 1524 
Though this experiment took place in Australia’s wet tropics, many of our findings are likely 1525 
applicable to other tropical systems, given that our results were robust across a diversity of 1526 
tropical tree families. Understanding the temporal shift in the influence of species and site 1527 
selection on seeding establishment can aid in the development of targeted management 1528 
strategies both before and post planting to maximize restoration success.  1529 
 1530 
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 1531 
 1532 
Fig 4.1 Map of Thiaki Creek property. The restoration experiment consists of eight blocks, each 1533 
containing eight 50m x 50m plots. Plots within a block are labelled with individual fill patterns. The 1534 
eight treatments applied within each block were: C1=no planted trees, C2=no planted trees, herbicide 1535 
addition, D1=1 species, D2=6 species, D3=24 species, S1=1.75 m spacing, and S2=3.0 m spacing. 1536 
 1537 
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 1538 
Fig 4.2 Probability of seedling survival for the 0 – 4 month time period in relation to distance to 1539 
nearest forest fragment (m) with high and low levels of species’ wood density (g/cm3). Fitted line 1540 
values for low and high wood density are 0.38 and 0.84 g/cm3, respectively. Points for high and low 1541 
wood density were calculated from the upper and lower third of wood density values, respectively. 1542 
Bars are associated standard errors on the probability scale. Shaded bands represent 95% confidence 1543 
intervals. 1544 
 1545 
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 1546 
Fig 4.3 Probability of seedling survival 4 – 9 months post planting in relation to slope (degrees) and 1547 
a) wood density (g/cm3) and b) Planter ID, with separate lines fitted for each planter ID. Fitted line 1548 
values for low and high wood density are 0.38 and 0.84 g/cm3 respectively. Points for high and low 1549 
wood density were calculated from the upper and lower third of wood density values, respectively. 1550 
Shaded bands represent 95% confidence intervals. Points for Planter ID are mean probabilities 1551 
calculated from seven bins of ordered binary values.  All Bars are associated standard errors on the 1552 
probability scale.  1553 
 1554 
 1555 
 1556 
 1557 
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 1558 
 1559 
Fig 4.4 Probability of seedling survival 9 – 31 months post planting in relation to slope (degrees) and 1560 
a) wood density (g/cm3) and b) Planter ID, with separate lines fitted for each planter ID. Fitted line 1561 
values for low and high wood density are 0.38 and 0.84 g/cm3 respectively. Points for high and low 1562 
wood density were calculated from the upper and lower third of wood density values, respectively. 1563 
Shaded bands represent 95% confidence intervals. Points for Planter ID are mean probabilities 1564 
calculated from seven bins of ordered binary values.  All Bars are associated standard errors on the 1565 
probability scale.  1566 
 1567 
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 1568 
Fig 4.5 Probability of Flindersia brayleyana seedling survival in relation to species diversity 1569 
treatments 9- 31 months post planting. Points are mean probabilities calculated from each treatment 1570 
and bars are the corresponding 95% confidence intervals.  Letters denote significantly different 1571 
groups (P<0.05), based on pairwise post hoc tests (Appendix 4.14). 1572 
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Chapter 5:  Factors influencing early-stage seedling growth during tropical forest 1581 
restoration. 1582 
 1583 
Introduction    1584 
 1585 
There is a growing need for restoration in tropical landscapes as deforestation rates continue 1586 
to increase around the globe (Chazdon 2008a).  A common theme to many restoration 1587 
approaches is the use of natural forest recovery processes as a theoretical benchmark when 1588 
deciding which species to plant in a given project (Lugo 1997, Holl and Aide 2011).  As 1589 
such, species across a range of successional stages with diverse functional strategies linked 1590 
with growth and mortality tradeoffs are often selected based on their responses to the suite 1591 
of biotic and abiotic conditions found within and around planting sites (Lamb 2011).  For 1592 
example, many restoration plantings on ex-pasture sites contain fast growing, short-lived 1593 
pioneer species, together with slower growing, longer-lived non-pioneer species. The intent 1594 
of this approach is to use pioneer species to accelerate canopy formation and suppress 1595 
competition from resident grass species, while preparing for their subsequent replacement 1596 
by slower growing species over time (Goosem and Tucker 1995, Bechara et al. 2016).   1597 
 1598 
Despite the continual development of restoration approaches, species selection is a persistent 1599 
topic of debate (Lamb et al. 2005), largely due to the many factors that can affect planted 1600 
species performance.  These factors operate across multiple spatial and temporal scales and 1601 
impact different measures of performance, including survival and growth. Climatic 1602 
conditions may influence species growth rates, such as high levels of irradiance (Kobe 1999, 1603 
Celis and Jose 2011) typical of ex-pasture sites, and local rainfall patterns (Bristow et al. 1604 
2005, Wishnie et al. 2007).  Edaphic conditions may also influence early growth 1605 
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performance (Webb et al. 2005, Bare and Ashton 2016) along with the context of the site, 1606 
including the proximity to adjacent forest fragments (Catterall et al. 2008), slope and aspect 1607 
(Nagamatsu et al. 2002).  1608 
 1609 
At the species level, plant functional traits can determine growth responses to many 1610 
environmental factors (Valladares et al. 2007, Ostertag et al. 2015). These responses are 1611 
often trait specific, with seed mass (Baraloto et al. 2005, Martínez-Garza et al. 2013a), leaf 1612 
mass (SLM) (Martínez-Garza et al. 2005) and wood density (Erskine et al. 2005, Nguyen et 1613 
al. 2014) all having been observed to influence growth rates of planted species.  Functional 1614 
differences between neighbouring plants in resource acquisition strategies may also impact 1615 
growth rates, particularly in mixed species plots (Piotto 2008).  However, these patterns can 1616 
vary considerably, with species planted in mixed plots experiencing increased (Montagnini 1617 
et al. 1995, Erskine et al. 2006), decreased (Piotto et al. 2003) or no difference in growth 1618 
(Plath et al. 2011) compared to species planted in monocultures, which could reflect species-1619 
specific responses to diversity treatments (Grant et al. 2006).  Interactions between seedlings 1620 
and surrounding vegetation can also influence growth, via competition from both resident 1621 
grasses (Hooper et al. 2002) and between planted species (Erskine et al. 2005).  The 1622 
interactions between seedlings within local neighbourhoods can influence both individual 1623 
and neighbourhood growth (Li et al. 2014, Setiawan et al. 2017) and vary with density 1624 
(Uriarte et al. 2004) and species composition (Potvin and Dutilleul 2009).   1625 
 1626 
Seedlings and young saplings are particularly vulnerable to many of these effects (Grime 1627 
and Curtis 1976, Camargo et al. 2002), which can be exacerbated by post-planting stress 1628 
(Burdett 1990), further lowering their resilience and survival (Khurana and Singh 2002, 1629 
Martínez-Garza et al. 2013b); a pattern that we observed for seedling mortality within our 1630 
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study site (Charles Chapter 4).  In combination, it is perhaps unsurprising that many 1631 
restoration plantings within abandoned pastures experience delays in canopy closure, 1632 
resulting in arrested forest recovery (Lamb et al. 2005) and may be especially difficult for 1633 
projects with limited funding to support extended grass and weed management (Webb et al. 1634 
2005, Catterall and Harrison 2006).  Therefore, understanding the growth responses of 1635 
species to the biotic and abiotic factors in planting sites is critical to predict early to mid-1636 
term trajectories of forest recovery (Martínez-Garza et al. 2013a) and future interactions 1637 
between planted species (Callaway and Walker 1997).  Yet, few studies have examined 1638 
suites of these factors in replicated planting experiments or examined how these factors 1639 
affect early-stage seedling growth rates under differing plantation regimes (but see Holl et 1640 
al. (2011)).   1641 
 1642 
The aim of this study was to identify factors that influence seedling growth rates during the 1643 
first three years after planting.  The specific questions we ask are: 1) How important are 1644 
landscape, site and planting conditions to seedling growth rates?  2) Do species functional 1645 
traits explain interspecific variation in seedling growth rates? and 3) Are the growth rates of 1646 
seedlings influenced by the density and composition of surrounding seedlings?  Given the 1647 
well-documented link between species growth rates and functional traits within previous 1648 
restoration plantings (Martínez-Garza et al. 2013a, Nguyen et al. 2014), we predicted that 1649 
species with low wood densities and small seeds would have faster seed growth.  We also 1650 
expected growth rates to be influenced by climactic factors, with faster seedling growth 1651 
during summer wet seasons (Bristow et al. 2005, Wishnie et al. 2007).    1652 
 1653 
 1654 
 1655 
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Methods 1656 
 1657 
Study site 1658 
The study was undertaken on the Thiaki Creek Nature Reserve (Fig. 5.1), located on the 1659 
southern Atherton Tablelands in far North Queensland, Australia (145°51’E 17°43’S), 1660 
between 900 and 1000 m elevation.  The topography comprises narrow valleys surrounded 1661 
by 15° to 45° slopes, with an underlying basaltic substrate (Tracey 1982).  The region has 1662 
distinct wet (November- April) and dry (May – October) seasons, with an annual rainfall of 1663 
1940 mm (Cheesman et al. In Press). The 181 ha reserve comprises 51 ha of abandoned 1664 
pasture which was the focus of the restoration experiment established in January 2011, 1665 
bordered by 130 ha of primary and mature secondary rainforest, classified as Endangered 1666 
Regional Ecosystem 7.8.4, Upper Barron complex notophyll vine forest (Bell et al. 1987).  1667 
The pasture area has a consistent land use history (remnant forest cleared for grazing 1668 
approximately 50 years ago) and the pasture itself was relatively homogeneous in 1669 
herbaceous plant species composition prior to planting. 1670 
 1671 
Experimental design 1672 
In January 2011, approximately 28,000 rainforest seedlings were row planted in a 1673 
randomized complete block design consisting of eight blocks each containing eight 50 m x 1674 
50 m plots separated by a 10 m buffer zone. The experiment included a two-level planting 1675 
density treatment: low-density (3 m grid spacing) and high-density (1.75 m grid spacing) 1676 
and a three-level species diversity treatment (one, six and 24 species). The diversity 1677 
treatment was phylogenetically nested with 24 local rainforest tree species from six common 1678 
families: Lauraceae, Moraceae, Myrtaceae, Proteaceae, Rutaceae and Sapindaceae 1679 
(Appendix 5.1).  Flindersia brayleyana (Rutaceae) was used in all monocultures and as one 1680 
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of the species in the six and 24 species treatments as well. Monoculture plots (those 1681 
containing only F. brayleyana) were excluded from analyses, due to a lack of variation in 1682 
family, wood density and seed mass and Hmax. The multispecies “low diversity” treatment 1683 
included one species from each of the six focal families. The high diversity treatment 1684 
included all 24 species, four from each family, and included all of those species present in 1685 
the low diversity treatment. Within each experimental block, we assigned two control 1686 
treatment plots, with no planted seedlings. Plots were randomly assigned treatments within 1687 
each block (Fig. 5.1).  1688 
 1689 
Species were selected based on their commonality in local intact rainforest, availability from 1690 
local nurseries, functional traits and successional stage (Appendix 5.1). When possible, we 1691 
selected species in each family to span a range of wood densities, maximum adult tree 1692 
heights (Hmax), seed masses and successional stages.  Species from both six- and 24-species 1693 
diversity treatments were randomly assigned within rows in each plot. After cattle removal 1694 
and prior to planting, the pasture was dominated by the exotic grass Urochloa decumbens. 1695 
We applied a monocot specific herbicide (Fusillade) along designated planting rows of all 1696 
treatment plots (excluding one control plot in each block), leaving alternate rows of 1697 
unsprayed grass to reduce the potential for run-off and erosion.  Herbicide application within 1698 
rows was continued every six months until August 2012. To avoid potential desiccation of 1699 
seedlings, planting was conducted during the regional wet season. However, during planting 1700 
in January 2011, a tropical cyclone off the eastern coast of the study region created 1701 
unseasonably dry weather during planting. No rainfall was recorded at the study site until 1702 
five days after the planting was complete. Seedlings were planted without fertilizer 1703 
application by professional planters using standard forestry industry techniques, and were 1704 
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not manually watered after planting. The identity and location of planted seedlings was 1705 
recorded along each row in the low and high diversity plots.   1706 
 1707 
Data collection 1708 
Seedling growth was measured on plants within a central 25 m x 25 m subplot within each 1709 
treatment plot to minimize plot edge effects.  Measures of seedling growth included seedling 1710 
height (from root collar to apex) and basal stem diameter (10 cm above root collar, hereafter 1711 
termed diameter).  Due to variation in growth rates at different ontogenetic stages of species 1712 
(Butterfield and Espinoza 1995), both height and diameter growth (G) were calculated as:  1713 
Gi = (Si,t2 – Si,t1) / (t2 - t1), 1714 
where St1 and St2 are the heights or diameters of stem i at time 1 and time 2, respectively, 1715 
and (t2 - t1) is the number of days between time 1 and time 2.  Seedling survival status was 1716 
recorded by visual inspection, with seedlings deemed to be dead if there was pronounced 1717 
stem desiccation, no leaves, and/or the seedling could not be located (Charles Chapter 4).  1718 
Seedling size and survival were measured approximately every six-months starting 4-1719 
months after planting in April 2011 until July 2013. 1720 
 1721 
Explanatory variables  1722 
Species-scale variables (functional traits) 1723 
Wood density estimates for all planted species were obtained from Chave et al. (2009) and 1724 
Zanne et al. (2009).  Dry seed mass values were obtained from the literature and the Royal 1725 
Botanic Gardens Kew Seed information database (Royal Botanic Gardens Kew 2017).  1726 
Maximum adult height (Hmax) values were obtained from Cooper and Cooper (2004).  The 1727 
complete list of explanatory variables examined in this study can be found in Table 5.1. 1728 
 1729 
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Stem-scale variables 1730 
Tree growth is known to vary with stem size (Poorter and Carlo 1990). We therefore 1731 
calculated the diameter and height of each stem at the start of each census period for use as 1732 
covariates in the diameter and height growth models, respectively. Growth is also known to 1733 
slow as stems die (Lambers and Poorter 1992). We therefore included a binary variable 1734 
indicating if each stem was alive or dead during the next growth period. We also calculated 1735 
a number of variables describing the neighbourhood of each stem during each growth 1736 
period. Neighbourhoods were defined using a 5.2 m radius around each stem, which 1737 
included all stems in the surrounding two rows (for the high density treatment) and 1738 
surrounding one row (for the low density treatment).  Because stems were only monitored 1739 
within the internal 25 m x 25 m subplots, individuals located within 5.2 m of the edges of 1740 
subplots were excluded as focal stems, but were included in neighbourhoods of focal stems.  1741 
For each focal plant at each time point we calculated the species richness, basal area (10 cm 1742 
above ground) and mean height of surviving stems in their neighbourhood. 1743 
 1744 
Plot-scale variables 1745 
Slope and aspect of the plots were measured using a clinometer and compass, respectively. 1746 
We measured the distance from the centre point of plots to the nearest surrounding forest 1747 
fragments using ArcGIS (ESRI 2006). Planter identity and the day until first rain were also 1748 
recorded (plots differed in the time between planting and rainfall).  Soil samples were 1749 
collected from each plot in August 2014.  Samples were taken from 10 cm below soil 1750 
surface at three random points around the centre of each plot and were then mixed prior to 1751 
analysis.  Soil variables included soil pH and soil inorganic Nitrogen (NH4 + NO3 -).  1752 
Available Nitrogen was extracted by shaking soil with 2 M KCl solution at a soil:solution 1753 
ratio of 1:5 for 1 hour at 200-300 rpm.  The suspension was filtered through Whatman filter 1754 
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paper No. 42. Ammonium was measured colorimetrically at 685 nm as described by Willis 1755 
et al. (1996).  Nitrate in the 2 M KCl extracts was determined colorimetrically at 540 1756 
nm using a modification of Miranda et al. (2001), as described in (Cavagnaro et al. 2006).  1757 
All soil analysis was conducted at the University of Adelaide. 1758 
 1759 
Temporal climate variables 1760 
Daily rainfall and temperature data were obtained for the study period from SILO (Jeffrey et 1761 
al. 2001).  For the periods between each measurement time point we calculated the average 1762 
daily rainfall (mm day-1) and average daily maximum temperature (°C). 1763 
 1764 
Data analysis 1765 
In preliminary exploration of growth data from the six and 24-species plots, it was apparent 1766 
that negative growth had been recorded for some stems during the study period. While 1767 
negative growth has been recorded in rainforest seedlings in other studies (Kitajima 1994, 1768 
Agyeman et al. 1999), we cannot discount measurement error in these data. Because 1769 
measurement error should result in both under and over estimates of growth, we have chosen 1770 
to retain the negative growth increments in our response variables.  1771 
 1772 
Diameter and height growth responses were modeled as a function of plot-, stem- and 1773 
species-scale variables, as well as temporally varying climate variables (Table 5.1) using 1774 
linear mixed effect models. The diameter and height of stems at the start of each period were 1775 
included as size covariates in the diameter and height models, respectively.  Soil pH and soil 1776 
inorganic N were strongly correlated (Pearson’s product-moment correlation 0.71). Given 1777 
our interest in how soil resource levels affect growth, we only included soil inorganic N in 1778 
the diameter and height growth models.  Mean maximum daily temperature and mean daily 1779 
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precipitation were also correlated (Pearson’s product-moment correlation 0.70). In this case 1780 
each climate variable was included in separate diameter and height growth models and 1781 
compared using AICc values.  These results indicated that diameter growth was best 1782 
predicted by temperature and height growth by precipitation.  1783 
 1784 
We included two-way interactions between the size covariates (starting diameter and starting 1785 
height) and all other variables to assess how size-dependent growth is influenced by each of 1786 
the explanatory variables.  Aspect was excluded from two-way interactions due to the 1787 
uneven distribution of south-facing (31%) compared to north-facing plots (69%).  Full 1788 
models containing all explanatory variables and two-way interactions were simplified by 1789 
removing non-significant terms one at a time, starting with the interactions and then main 1790 
terms that were not retained in significant interactions. All models were fitted using 1791 
maximum likelihood during simplification, and each final model was re-fitted using 1792 
restricted maximum likelihood (Pinheiro et al. 2010). Diagnostic plots of fitted values versus 1793 
residuals indicated that assumptions were not violated for the diameter and height growth 1794 
models. Data analysis was conducted using the R statistical software package version 3.3.3, 1795 
using the lme4 package (R Development Core Team 2010, Bates et al. 2011).  Post hoc tests 1796 
of pairwise diversity treatment differences were conducted for both species height and 1797 
diameter growth using the glht function in the multcomp package (Hothorn et al. 2008). 1798 
 1799 
Results 1800 
 1801 
Summary of overall growth across species and families  1802 
Final seedling diameter and height varied from 1.1 to 67 mm and 80 to 4200 mm, 1803 
respectively.  Differences between species in their average diameter and height growth over 1804 
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time were pronounced (Appendices 5.2 & 5.3, respectively). Cardwellia sublimis had the 1805 
largest average diameter at the end of the study (23.5 ± 9.4 mm) and Lomatia fraxinifolia 1806 
(1477 ± 591 mm) had the tallest average height. Mischocarpus lacnocarpus had the smallest 1807 
average diameter at the end of the study (5.51 ± 2.6 mm) and Ficus destruens (482 ± 176 1808 
mm) had the shortest average height.  1809 
 1810 
Average diameter and height growth also varied considerably between families (Appendix 1811 
5.4), with Proteaceae having both the largest final diameters (21.78 ± 9.9 mm) and tallest 1812 
final heights (1252 ± 577mm).  Sapindaceae had the lowest final diameter (8.5 ± 5.3 mm), 1813 
while Moraceae had the shortest heights (593 ± 362 mm).  Average diameter and height-1814 
based growth rates also varied widely between species and family (Appendix 5.5) and did 1815 
not differ between diversity treatments (Appendix 5.6).   Of the 6657 seedlings for which 1816 
data were collected in this experiment, only 3544 survived (53.2%) to 31- months post 1817 
planting (Charles Chapter 4).  Overall, seedlings with high wood densities had a greater 1818 
probability of survival compared to seedlings with low wood densities (Charles Chapter 4). 1819 
 1820 
Models of diameter and height growth 1821 
Both diameter and height growth were influenced by multiple plot-, stem- and species-level 1822 
factors, with many depending on the starting size of the stem for each census period 1823 
(Appendices 5.7 and 5.8, respectively), as detailed below.   1824 
 1825 
Functional traits of focal plants  1826 
Species-level functional traits had significant effects on growth. Wood density and Hmax 1827 
interacted with stem diameter, indicating that diameter growth rates of larger stems were 1828 
faster for low wood density species and species with taller Hmax (Fig. 5.2a & c). Wood 1829 
	84	
density also interacted with stem size in the height model, indicating that growth of taller 1830 
stems was much faster for low wood density species than high wood density species (Fig. 1831 
5.2b). A significant interaction between seed mass and stem size also indicated that the 1832 
height growth of tall stems was much faster for species with larger seeds than those with 1833 
small seeds, although large-seeded species appeared to have slower growth initially (Fig. 1834 
5.2d).  1835 
 1836 
Stem-scale factors 1837 
Diameter and height growth was much slower for seedlings that did not survive through to 1838 
the next census period than surviving stems (Fig. 5.3). Neighbourhood basal area interacted 1839 
with stem size such that large stems grew moderately faster in high-basal area 1840 
neighbourhoods (Fig. 5.4a). The interaction between neighbourhood species richness and 1841 
stem size indicated faster diameter growth for large stems in lower diversity neighbourhoods 1842 
(Fig. 5.4c).  Similar to diameter growth, height growth of large stems was faster in 1843 
neighbourhoods with taller average heights (Fig. 5.4b). Neighborhood species richness also 1844 
had a weak negative effect on height growth, and this effect did not depend on stem height 1845 
(Fig. 5.4d). 1846 
 1847 
Plot-scale factors 1848 
Diameter growth was weakly negatively related to plot slope (Fig. 5.5a) and distance to 1849 
forest (Fig. 5.5c), regardless of stem size (i.e. these variables did not interact with starting 1850 
stem diameter).  In the height model both of these plot-scale variables interacted with stem 1851 
size in such a way that growth increased with plant size in steep plots further from forests, 1852 
whereas in flatter plots close to forests growth varied little with stem size (Fig. 5.5b & d).  1853 
 1854 
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Soil and climate factors 1855 
Diameter growth was much faster during warm periods than cool periods, especially for 1856 
larger stems (Appendix 5.9a).  Height growth was faster during wet periods than dry periods 1857 
(Appendix 5.9b), regardless of stem height. Height growth was also weakly influenced by 1858 
soil inorganic N (Appendix 5.9c), with tall stems growing faster in plots with lower N.  1859 
 1860 
Discussion 1861 
 1862 
After accounting for the important influence of stem size on growth rates (Poorter and Carlo 1863 
1990, Baraloto et al. 2005), the wood density of the focal plants and the size and diversity of 1864 
neighboring plants had consistent effects on diameter and height growth throughout the 31-1865 
month monitoring period. Height growth rates increased as stems grew taller for species 1866 
with larger seeds than those with small seeds, although large-seeded species appeared to 1867 
have slower growth initially.  In response to plot-scale and climate factors, larger seedlings 1868 
consistently displayed faster growth, demonstrating the benefits of initial stem size.  Overall, 1869 
species with low wood densities, larger seeds and seedlings surrounded by larger and taller 1870 
neighbors displayed faster growth.  1871 
 1872 
Effects of functional traits on seedling growth 1873 
Wood density was negatively related to seedling diameter and height growth, which is 1874 
consistent with previous studies in restoration plantings (Erskine et al. 2005, Nguyen et al. 1875 
2014) and mature forests (Poorter et al. 2008).  Relationships between stem size and growth 1876 
increment (both diameter and height) were positive for low wood density species but much 1877 
flatter for high wood density species. In particular, the slower height growth for high wood 1878 
density species is likely due to greater allocation of biomass to stem volume for structural 1879 
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support than shoot growth for height (Niklas 1994).  Despite typically being shorter-lived, 1880 
low wood density species are commonly used in restoration plantings to accelerate canopy 1881 
closure and suppress competition from grasses (Lamb et al. 2005) especially where resident 1882 
grasses are dense and funds are lacking for ongoing grass management (Goosem and Tucker 1883 
1995, Florentine and Westbrooke 2004b).  However, species with low wood densities are 1884 
known from this system and others to have low establishment rates in restoration plantings 1885 
(Lamb 2011). Given that restoration success results from a combination of tree survival and 1886 
tree growth, it is important to consider these growth rate results in light of survival rates in 1887 
the system over the same time period, which were very low (Charles Chapter 4).  In 1888 
combination, our results (along with others (Kanowski et al. 2003, Chazdon 2008a, 1889 
Rodrigues et al. 2011)) suggest that planting species with both low and high wood densities 1890 
may maximize both early-stage seedling growth and survival (Charles Chapter 4).  1891 
However, separate strategies depending on the planting site context should be considered 1892 
when selecting proportions of low and high wood density species.  For example, planting 1893 
species with high wood densities at greater abundances with fewer low wood dense species 1894 
maximize survival in plantation sites where there are limited funds for follow-up plantings. 1895 
Conversely, if follow up funds are available, planting a higher proportion of low wood dense 1896 
species may accelerate canopy closure and suppress competition from grasses, followed by 1897 
supplementary plantings of slower growing shade tolerant species to allow for species 1898 
replacement over time. Our results also show that if low wood density species managed to 1899 
survive, their growth rates were much faster than species with high wood density.  1900 
Therefore, developing strategies to improve the survival of species with low wood density is 1901 
crucial to ensure plantings can more rapidly achieve canopy closure.  We also observed that 1902 
regardless of wood density values, seedlings that were larger displayed faster diameter and 1903 
	87	
height growth, suggesting that planting larger seedlings may improve overall growth 1904 
(Jobidon et al. 1998, South et al. 2001).  1905 
 1906 
Stem size at the start of the growth period also interacted with Hmax and seed mass in the 1907 
diameter and height models, respectively.  In particular, height growth rates increased as 1908 
stems grew taller for species with larger seeds than those with small seeds, although large-1909 
seeded species appeared to have slower growth initially. This result was unexpected given 1910 
the commonly observed negative relationship between seed mass and growth in both 1911 
restoration plantings (Baraloto et al. 2005, Martínez-Garza et al. 2013a) and in mature 1912 
forests (Osunkoya et al. 1993, Poorter and Rose 2005, Poorter et al. 2008).  Our result may 1913 
be a product of a seed resource legacy effect, whereby species with high seed mass can 1914 
produce larger seedlings (Paz and MartÍnez-Ramos 2003), driven by the slow release of 1915 
resources from the seed over longer time periods (Kitajima 1996).  This legacy effect may 1916 
also be enhanced by the positive relationship between seed mass and specific root length 1917 
(SRL) (Westoby et al. 1992), which can reduce post-planting seedling stress (Grossnickle 1918 
2005) and increase seedling growth (Wright and Westoby 1999).  While larger seeded 1919 
species commonly display higher survival rates (Baraloto et al. 2005, Poorter et al. 2008), 1920 
with greater establishment success promoting further growth (Schupp 1995), we observed a 1921 
negative relationship between seed mass and seedling survival, though this was non 1922 
significant (Charles Chapter 4).  Too a lesser extent, species with taller Hmax experienced 1923 
faster diameter growth as they increased in size compared to species with shorter Hmax. 1924 
While this pattern has been observed within saplings in mature forests (Wright et al. 2010), 1925 
the relationship between Hmax and juvenile growth is considered weak (Poorter et al. 2006, 1926 
Wright et al. 2010) and may not be a robust indicator of seedling growth with restoration 1927 
plantings (Martínez-Garza et al. 2013a).  1928 
	88	
 1929 
Effects of Neighborhood composition on seedling growth 1930 
Neighbourhood basal area and average height interacted with stem size, such that larger and 1931 
taller stems grew faster when surrounded by larger, taller neighbors. Our results are 1932 
consistent with Setiawan et al. (2017) who observed that saplings surrounded by larger 1933 
neighbours displayed increased height and diameter growth in a seven-year-old plantation in 1934 
Belgium.  This suggests that competition between seedlings is weak, which is unsurprising 1935 
given the small size of many seedlings in this planting experiment.  Instead, the positive 1936 
relationships with neighborhood variables suggest that certain locations were favorable for 1937 
growth. It may also be that faster-growing seedlings collectively shade out surrounding grass 1938 
species, thereby reducing competition for all surviving seedlings in a given neighborhood.  1939 
 1940 
Neighborhood species richness had weak negative effects on both diameter and height 1941 
growth. This appears to be, in part, due to a selection effect caused by the increased presence 1942 
of a fast growing species (Cardwellia sublimis) in the low-diversity treatment, resulting in a 1943 
‘diluted’ effect of this species in the high diversity treatment where this species was far less 1944 
abundant.  It is important to note, however, that given the relatively young age of these 1945 
seedlings, it is likely that these neighbourhood effects will change over time with evidence 1946 
linking differences of neighbourhood composition and reduced plant growth with canopy 1947 
closure (Li et al. 2014) and increased crowding (Uriarte et al. 2004). 1948 
 1949 
Effects of landscape and climate on seedling growth  1950 
Diameter growth was slightly faster on shallow slopes and closer to forests, regardless of 1951 
how large the stems were. For height growth, these same landscape variables interacted with 1952 
stem size, indicating that small stems grew faster on shallow slopes and closer to forests, but 1953 
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these effects reversed as stems grew taller. Slow growth of small stems matches well with 1954 
the high seedling mortality we observed on steeper slopes and further from forests (Charles 1955 
Chapter 4). If stems survived in these locations they may have benefited from greater solar 1956 
radiation on steep slopes (Geiger et al. 1995) and reduced shading from surrounding forests 1957 
(Kobe 1999, Celis and Jose 2011).  Additionally, within the same experimental plots used in 1958 
this study, Cheesman et al. (In Press) recorded an increase in soil organic matter with 1959 
decreasing slope angle, resulting in an increase in available soil Phosphorus on shallower 1960 
slopes.  Chessman et al. (In Press) further demonstrated that variation in soil P was an 1961 
important predictor for growth of Flindersia brayleyana and Carwellia sublimis, suggesting 1962 
that some of the planted species may be P limited.  Due to financial constraints however, we 1963 
were not able to measure soil P, reducing our ability to assess the effect of slope and soil P 1964 
on the growth rates of all 24 species. Seedling growth was not influenced by aspect, which 1965 
was somewhat surprising given the commonly observed relationships between plant 1966 
photosynthetic rates, light availability and slope orientation (Holland and Steyn 1975, Parker 1967 
1982).  However, within our experimental landscape, we did not have east or west facing 1968 
plots, which reduced our ability to assess aspect effects reliably.  1969 
 1970 
Not surprisingly, diameter growth was faster during warmer periods, especially for larger 1971 
stems. Warmer optimal temperatures can result in increased photosynthesis rates in the 1972 
tropics (Lloyd and Farquhar 2008), further promoting growth (Bloor and Grubb 2003). 1973 
Height growth was also faster during wetter than dry periods, consistent with Wishnie et al. 1974 
(2007) and Bristow et al. (2005).  Seedlings planted in pastures commonly experience high 1975 
evapotranspiration and low plant available water compared to mature forests (Jipp et al. 1976 
1998). In these situations they may allocate resources to root growth to maximize moisture 1977 
uptake (Gerhardt 1993), at the expense of shoot growth.  Height growth was also weakly 1978 
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influenced by soil inorganic N, with tall stems growing faster in plots with lower N.  This 1979 
relationship is unexpected given the importance of N for plant growth (Tilman 1987).  1980 
Because soils were collected and analyzed approximately three years after planting, 1981 
however, the observed N levels more likely represent N uptake, i.e. what is left following 1982 
uptake by actively growing plants (Buschbacher et al. 1988, Chapin et al. 1990). 1983 
 1984 
Conclusion 1985 
 1986 
Central to the success of restoration plantings within abandoned pastures is the ability of 1987 
seedlings to establish and grow rapidly to form canopies to suppress grasses.  Species 1988 
selection can be difficult, because growth rates are affected by combinations of biotic and 1989 
abiotic factors operating across multiple spatial scales.  Our study highlights that seedling 1990 
growth is influenced by stem-, species-, plot- and climate-level factors, with the strength of 1991 
these effects strongly dependent on the size of the seedling.  Specifically, we show that 1992 
species wood density is an important predictor for both seedling growth and survival 1993 
(Charles Chapter 4) and clearly demonstrates the mortality-growth tradeoff strategies 1994 
commonly employed by tropical trees. Restoration approaches that plant species with both 1995 
high and low wood densities may maximize early-stage seedling growth and survival, yet 1996 
selecting proportions of low and high wood density species will depend on the site context 1997 
and availability of funds.  In addition, planting larger seedlings may also improve seedling 1998 
growth and survival rates during the critical early period of seedling establishment and 1999 
increase the likelihood of canopy closure and early–stage restoration success.  2000 
 2001 
 2002 
 2003 
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 2004 
 2005 
 2006 
Fig 5.1 Map of Thiaki Creek property. The restoration experiment consists of eight blocks, each 2007 
containing eight 50m x 50m plots. Plots within a block are labelled with individual fill patterns. The 2008 
eight treatments applied within each block were: C1=no planted trees, C2=no planted trees, herbicide 2009 
addition, D1=1 species, D2=6 species, D3=24 species, S1=1.75 m spacing, and S2=3.0 m spacing. 2010 
 2011 
 2012 
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 2013 
 2014 
Fig 5.2 Relationships between seedling growth rates (mm day-1) and initial stem size for species with 2015 
different values of functional traits: a) diameter growth for species with low and high wood density, b) 2016 
height growth for species with low and high wood density, c) diameter growth for species with low and 2017 
high Hmax, and d) height growth for species with light and heavy seeds. Coloured points represent the 2018 
values below (green) and above (gold) the mean of the trait variable included in the interaction with initial 2019 
stem size. The fitted lines show relationships for the 10th and 90th percentile of trait values.  Other 2020 
explanatory variables not included in the plotted interactions were held at their means during line fitting. 2021 
Shaded bands represent 95% confidence intervals. 2022 
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 2023 
 2024 
Fig 5.3 Relationships between seedling survival status (alive or dead) and initial stem size for: a) seedling 2025 
diameter and b) seedling height growth rates.  Coloured points represent the values below (green) and 2026 
above (gold) the mean of the survival status variable included with the interaction with initial stem size.  2027 
The fitted lines represent the 10th and 90th percentile values of the survival status values.  Other explanatory 2028 
variables not included in the plotted interactions were held at their means during line fitting.  Shaded bands 2029 
represent 95% confidence intervals. 2030 
 2031 
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 2032 
Fig 5.4 Relationships between seedling growth rates (mm day-1) and initial stem size with neighboring 2033 
stems within 5.3 m radius:  a) diameter growth for species within neighbourhoods with both low and high 2034 
total basal area (cm), b) height growth for species within neighbourhoods with both low and high mean 2035 
heights (mm), c) diameter growth for species within neighbourhoods with both low and high species 2036 
richness and d) height growth for species within neighbourhoods with both low and high species richness. 2037 
Coloured points represent the values below (green) and above (gold) the mean of the neighbourhood 2038 
variable included in the interaction with initial stem size. The fitted lines show relationships for the 10th and 2039 
90th percentile of neighbourhood values.  Other explanatory variables not included in the plotted 204  
interactions were held at their means during line fitting. Shaded bands represent 95% confidence intervals. 2041 
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 2042 
Fig 5.5 Relationships between seedling growth rates (mm day-1) and initial stem size with plot slope 2043 
(degrees °) and distance to adjacent forest (m): a) diameter growth for species within plots with low and 2044 
high slope gradients, b) height growth for species within plots with low and high slope gradients, c) 2045 
diameter growth for species within plots close and further away from adjacent forest and d) height growth 2046 
for species within plots close and further away from adjacent forest. Coloured points represent the values 2047 
below (green) and above (gold) the mean of the slope and distance variables included in the interaction 2048 
with initial stem size. The fitted lines show relationships for the 10th and 90th percentile of slope and 2049 
distance values.  Other explanatory variables not included in the plotted interactions were held at their 2050 
means during line fitting. Shaded bands represent 95% confidence intervals. 2051 
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Table 5.1 Treatment, species, plot and temporal climate scale variables used in early stage seedling growth 2052 
analysis.  2053 
Variables Type Units/levels 
Treatment scale   
Block Factor - random Eight blocks 
Plot Factor - random Eight plots 
Family Factor - random Six levels (see Appendix 5.1) 
Species Factor - random Twenty-five levels (see Appendix 5.1) 
Diversity treatment Factor - Fixed Three levels (monoculture, six species, twenty-four species)  
Density treatment Factor - Fixed Two levels (1.75 m and 3.0 m spacing) 
Species scale   
Wood density Continuous - Fixed Measured in g/cm3 (0.38 – 0.84 g/cm3) 
Seed mass Continuous - Fixed Measured in milligrams (0.21 – 11307 mg) 
Maximum Adult tree height Continuous- Fixed Measured in metres (6 – 50 m) 
Neighborhood basal area Continuous- Fixed Total basal diameter (mm) within 5.3 m radius of focal plant 
Neighborhood height Continuous- Fixed Average height (mm) of seedlings within 5.3 m radius of focal 
plant 
Neighborhood richness Continuous- Fixed Total species richness of seedlings within 5.3 m radius of focal 
plant 
Survival status Binary - Fixed Survival of seedlings at the start of each census period (alive or 
dead) 
Plot scale   
Aspect Categorical - Fixed Two levels (north and south facing) 
Slope Continuous - Fixed Measured in degrees (13- 49°) 
Distance to forest Continuous- Fixed Measured in metres (15.5 – 247 m) 
Soil pH Continuous- Fixed Plot level mean (4.85 – 5.77)  
Soil inorganic Nitrogen Continuous- Fixed Plot level mean (4.08 – 134.91 mg g-1) 
Days until first rain Continuous - Fixed Five levels (one to five days until first rain) 
Planter Factor - Fixed Five levels 
Temporal climate  
Temperature Continuous - Fixed Mean maximum daily temperature (16.5 – 36 °C) 
Precipitation  Continuous - Fixed Mean daily precipitation (1.59 – 5.91 mm) 
 2054 
 2055 
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Chapter 6: General discussion 2056 
 2057 
In this thesis, I examined the role of multiple factors that influence early-stage forest 2058 
recovery in old-fields.  Using old-fields in fragmented tropical countryside landscapes in 2059 
Australia, Nigeria and Colombia, I investigated a suite of biotic and abiotic factors across 2060 
multiple temporal and spatial scales known to impact seed dispersal and seedling 2061 
establishment.  While my findings demonstrate distinct factors affecting seed dispersal and 2062 
seedling establishment, they also highlight the consistent influence of surrounding landscape 2063 
extent and structure on early-stage successional processes within old-fields.   2064 
 2065 
Summary 2066 
In Chapter 2, I demonstrated that seed rain entering old-fields was dependent on the 2067 
structure and extent of surrounding forest fragments.  Along forest edges, the probability of 2068 
seed arrival within pasture was strongly influenced by the density and diversity of trees in 2069 
the adjacent forest.  The probability of seed arrival substantially improved next to more 2070 
diverse forest patches with higher tree densities. The majority of natural seedling recruits 2071 
within the landscape were native-bird-dispersed species, mainly limited to pasture within 2072 
100 m of forest edges.  These results demonstrate that the recovery of these highland 2073 
tropical forests within old-fields may be restricted by seed availability except along forest 2074 
margins, with increased potential for seed rain to contribute to forest recovery in old-fields 2075 
adjacent to less disturbed forests.   2076 
 2077 
In Chapter 3, I found that across four distinct tropical regions, rainforest seed rain patterns 2078 
under isolated pasture trees were influenced by the position of the isolated tree within the 2079 
landscape.  Throughout tropical landscapes in Australia, Nigeria and Colombia, rainforest 2080 
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seed diversity, richness, evenness and abundance all decreased under isolated trees located 2081 
in pasture containing high levels of woody vegetation and under trees further away from 2082 
forest fragments.  These results suggest that the structure of the landscape surrounding 2083 
isolated trees are important for influencing animal mediated seed dispersal to isolated trees, 2084 
specifically highlighting the importance of forest and pasture environments on seed dispersal 2085 
in fragmented tropical landscapes.  This study provides strong evidence of consistent factors 2086 
influencing early stage successional processes involving isolated trees across distinct 2087 
tropical regions. 2088 
 2089 
In chapter 4, I showed that the probability of early-stage seedling survival was influenced by 2090 
multiple factors, varying in importance over time.  Seedlings with high wood density and 2091 
which were planted closer to intact forest consistently displayed the highest probabilities of 2092 
survival. Transient factors affecting seedling survival across the three time periods included 2093 
plot aspect (0 – 4 months only), the identity of the planter and slope (4 – 9 and 9 – 31 2094 
months).  Overall, species survival did not differ between the low (6 species) and high (24 2095 
species) diversity treatments, but was significantly lower in monocultures of Flindersia 2096 
brayleyana.  These results support the use of species with more conservative growth 2097 
strategies when limited funds are available for follow-up plantings.  2098 
 2099 
Finally in Chapter 5, I demonstrated that seedling growth was influenced by stem-, species-, 2100 
plot- and climate-level factors, with the strength of these effects strongly dependent on the 2101 
size of the seedling.  Overall, the wood density of the focal seedlings and the surrounding 2102 
diversity and size of neighbouring plants consistently influenced seedling diameter and 2103 
height growth.  Specifically, species with low wood densities, larger seeds and surrounded 2104 
by taller and larger neighbours displayed faster growth.   2105 
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 2106 
In combination, the findings from Chapters 4 and 5 show that species wood density is an 2107 
important predictor for both seedling growth and survival and demonstrates the mortality-2108 
growth tradeoff strategies commonly employed by tropical trees.  Species with low wood 2109 
densities suffered higher mortality, yet displayed faster growth rates, with the opposite 2110 
observed for species with high wood density.  These results suggest that planting species 2111 
with both high and low wood densities may maximize early-stage seedling growth and 2112 
survival, yet it is important to note that selecting proportions of low and high wood density 2113 
species will depend on the site context and availability of funds.  Additionally, my results 2114 
also indicate that planting larger seedlings may also improve both early-stage seedling 2115 
survival and growth rates.    2116 
 2117 
Future research  2118 
While this thesis provides important baseline information on early successional processes in 2119 
old-fields, it also identifies future research questions that may improve our understanding of 2120 
seed dispersal and seedling dynamics within tropical old-fields. 2121 
 2122 
A key finding from Chapter 3 highlighted the important influence of woody vegetation 2123 
within old-fields on seed rain patterns coupled with a strong negative relationship between 2124 
seed dispersal and distance from adjacent forest fragments.  While these patterns have been 2125 
observed within old-fields throughout many tropical regions (Cole et al. 2010, Sritongchuay 2126 
et al. 2014), less attention has focused on whether the spatial arrangement of woody 2127 
vegetation within old-fields may alter this distance effect.  Avian visitation is known to 2128 
increase with increased aggregation of woody vegetation within intact forests (Fink et al. 2129 
2008), yet can reduce seed dispersal distance (Westcott and Graham 2000).  To address 2130 
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whether these dynamics are reflected in matrix systems, comparing bird visitation and seed 2131 
deposition rates with the spatial arrangement of woody vegetation within old-fields would 2132 
be merited.  Further, a limitation of Chapter 3 was the inability to compare seed rain patterns 2133 
with seedling recruitment under isolated pasture trees due to pastures in the study sites being 2134 
actively grazed. To date, the link between seed arrival and seedling establishment under 2135 
isolated trees remains mostly untested (but see Laborde et al., 2008), and quantifying this 2136 
relationship is necessary in obtaining a more complete picture of early successional plant 2137 
communities within tropical old-fields. 2138 
 2139 
Lastly, the results from Chapters 4 and 5 demonstrate that seedling performance was 2140 
influenced by a suite of biotic and abiotic factors across varying spatial scales.  While these 2141 
results provide important information about early-stage seedling growth and survival rates, 2142 
further questions arise when considering seedling performance across a longer temporal 2143 
scale.  For example, species performance may change when plants increase with size 2144 
(Condit et al. 1995) and can be contingent on other factors that were not apparent three years 2145 
post-planting, such as local inter and intra-specific competition between planted species 2146 
(Callaway and Walker 1997, Potvin and Dutilleul 2009).  Once competition starts to occur, 2147 
further research focusing on the functional diversity of traits specific for resource 2148 
acquisition, such as specific leaf and root area of local neighbourhoods may provide 2149 
valuable information about how niche differences of species may influence competitive 2150 
interactions (Lavorel and Garnier 2002, Navas and Violle 2009). Likewise, long-term 2151 
monitoring of seedling growth and survival may also provide evidence of ontogenetic shifts 2152 
of species performance over time (Kitajima and Bolker 2003) furthering our understanding 2153 
of successional community assembly dynamics within tropical old-fields.  2154 
 2155 
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Conclusion 2156 
Overall, this thesis contributes substantially to our understanding of early successional 2157 
processes within old-fields across multiple tropical countryside landscapes. Throughout this 2158 
thesis, I have identified numerous biotic and abiotic factors that can influence seed dispersal 2159 
and seedling establishment processes within tropical old-fields.  Specifically, I have shown 2160 
that both seed dispersal and seedling establishment are consistently impacted by landscape 2161 
topography, highlighting the importance of having remnant forest in close proximity to both 2162 
passive and active forest recovery projects in old-field settings.  This thesis also offers a 2163 
much-needed comparative assessment of factors affecting passive forest recovery between 2164 
distinct global tropical regions and may be useful in guiding management decisions 2165 
regarding restoration approaches within old-fields.   As increasing numbers of tropical 2166 
pastures are abandoned worldwide, understanding the complex processes that drive early 2167 
successional trajectories within tropical old-fields will become progressively more important 2168 
in promoting and predicting forest recovery within fragmented tropical countryside 2169 
landscapes. 2170 
 2171 
 2172 
 2173 
 2174 
  2175 
 2176 
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Appendix 2.1 Pictures of pasture seed trap design (left) and a sampling layout of seed traps 2990 
in pasture (right). 2991 
 2992 
 2993 
 2994 
Appendix 2.2 Sampling area for measuring forest structural and diversity attributes (not to 2995 
scale).  The large polygon (50 m x 100 m x 100 m x 250 m) contained three 25 m x 25 m 2996 
sub-sample quadrats, depicted by the grey grids. 2997 
 2998 
                     2999 
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Appendix 2.3 The eight plant species, including dispersal method and total number caught 3000 
in pasture traps.  Rainforest species are highlighted in bold.  Species arranged in descending 3001 
order of abundance.  Classification based on information in Cooper (2004) 3002 
  3003 
Family Species Seed abundance Dispersal agent 
Poaceae Urochloa decumbens 24,168 Wind/gravity 
Asteraceae Ageratum conyzoides 8,432 Wind/gravity 
Asteraceae Aster subulates 2,088 Wind/gravity 
Rutaceae Flindersia brayleyana 18 Wind/gravity 
Rhamnacea Alphitonia petrei 2 Animal 
Ochnaceae Brackenridgea australiana  1 Animal 
Solanaceae Solanum mauritianum 1 Animal 
 3004 
Appendix 2.4 Rainforest plant species, including dispersal method and total number caught 3005 
in seven forest seed traps. Species are arranged in descending order of abundance. 3006 
Classifications based on information in Copper (2004). 3007 
 3008 
Family Species Seed 
abundance 
Dispersal vector 
Rhamnacea Alphitonia petrei 112 Animal 
Araliaceae Polyscias australiana 90 Animal 
Rutaceae Flindersia brayleyana 43 Wind/gravity 
Grossulariaceae Argophyllum cryptophlebum 18 Wind/gravity 
Lauraceae Endiandra palmerstonii 9 Animal 
Meliaceae Melia azedarach 7 Animal 
Santalaceae Exocarpus latifolius 6 Animal 
Dioscoreaceae Hibbertia scandens 5 Animal 
Moraceae Ficus leptoclada  5 Animal 
Ochnaceae Brackenridgea australiana 5 Animal 
Myrtaceae Rhodomyrtus pervagata 4 Animal 
Myrtaceae Thaleropia queenslandica 4 Animal 
Unknown Unknown sp. 5 4 Unknown 
Ebenaceae Diosoyros pentamera 3 Animal 
Elaeocarpaceae Elaeocarpus grandis 3 Animal 
Rhamnacea Alphitonia whitei 3 Animal 
Cardiopteridaceae Cardiopteris moluccana 2 Wind/gravity 
Loranthaceae Dendrophthoe curvata 2 Animal 
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Myrtaceae Syzygium boonjee 2 Animal 
Myrtaceae Syzygium kuranda 2 Animal 
Oleaceae Chionanthus slemeri 2 Animal 
Rutaceae Acronychia aberrans 2 Animal 
Sapotaceae Niemeyera prunifera 2 Animal 
Unknown Unknown sp. 1 2 Unknown 
Unknown Unknown sp. 2 2 Unknown 
Unknown Unknown sp. 3 1 Unknown 
Unknown Unknown sp. 4 1 Unknown 
 3009 
Appendix 2.5 Rainforest seed collected during ground seed survey, within 1 m2 quadrats.  3010 
Species are arranged in descending order of abundance. Classifications based on information 3011 
in Copper (2004). 3012 
 3013 
Family Species Seed 
abundance 
Dispersal vector 
Rutaceae Flindersia brayleyana 957 Wind/gravity 
Rhamnacea Alphitonia petrei 344 Animal 
Sapotaceae Niemeyera prunifera 117 Animal 
Santalaceae Exocarpus latifolius 92 Animal 
Unknown Unknown sp. 1 48 Unknown 
Unknown Unknown sp. 17 41 Unknown 
Unknown Unknown sp. 10 38 Unknown 
Loranthaceae Dendrophthoe curvata 37 Animal 
Cunoniaceae Ceratopetalum succirubrum 32 Animal 
Rhamnacea Alphitonia whitei 24 Animal 
Lauraceae Endiandra wolfei 23 Animal 
Meliaceae Melia azedarach 23 Animal 
Arecaceae Calamus moti 20 Animal 
Lauraceae Neolitsia dealbata 20 Animal 
Myrtaceae Rhodamnia blairiana 20 Animal 
Elaeocarpaceae Elaeocarpus grandis 19 Animal 
Cardiopteridaceae Cardiopteris moluccana 18 Wind/gravity 
Rutaceae Acronychia aberrans 18 Animal 
Unknown Unknown sp. 5 18 Unknown 
Moraceae Ficus leptoclada 17 Animal 
Lauraceae Endiandra jonesii 16 Animal 
Unknown Unknown sp. 15 15 Unknown 
Araliaceae Polyscias australiana 14 Animal 
Ochnaceae Brackenridgea australiana 14 Animal 
Unknown Unknown sp. 8 14 Unknown 
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Grossulariaceae Polyosma rigidiuscula 13 Animal 
Laminaceae Clerodendrum longiflorum 13 Animal 
Myrtaceae Thaleropia queenslandica 13 Animal 
Unknown Unknown sp. 19 13 Unknown 
Lauraceae Endiandra sankeyana 12 Animal 
Myrtaceae Syzygium kuranda 12 Animal 
Unknown Unknown sp. 12 12 Unknown 
Dioscoreaceae Hibbertia scandens 11 Animal 
Unknown Unknown sp. 16 11 Unknown 
Proteaceae Athertonia diversifolia 10 Animal 
Sapindaceae Sarcotoechia cuneata 10 Animal 
Elaeocarpaceae Elaeocarpus stellaris 9 Animal 
Lauraceae Beilschmiedia recurva 9 Animal 
Rutaceae Melicope xanthoxyloides 9 Animal 
Dichapetalaceae Tetracera nordtiana 8 Wind/gravity 
Elaeocarpaceae Elaeocarpus arnhemicus 8 Animal 
Grossulariaceae Abrophyllum ornans 8 Animal 
Meliaceae Synoum glanulosum 8 Animal 
Rutaceae Melicope elleryana 8 Animal 
Sapindaceae Cupaniopsis cooperorum 8 Animal 
Unknown Unknown sp. 2 8 Unknown 
Oleaceae Chionanthus sleumeri 7 Animal 
Proteaceae Cardwellia sublimis 6 Wind/gravity 
Unknown Unknown sp. 7 6 Unknown 
Elaeocarpaceae Elaeocarpus sp. 5 Animal 
Proteaceae Lomatia fraxinifolia 5 Wind/gravity 
Sapotaceae Pouteria pearsoniorum 5 Animal 
Unknown Unknown sp. 14 5 Unknown 
Fabaceae  Austrosteenisia blackii 4 Wind/gravity 
Lauraceae Endiandra palmerstonii 4 Animal 
Moraceae Maclura cochinchinensis 4 Animal 
Rosaceae Prunus turneriana 4 Animal 
Thymelaeaceae Lethedon setosa 4 Animal 
Euphorbiaceae Holmalanthus 
novoguineenis 
3 Animal 
Euphorbiaceae Macaranga inamoena 3 Animal 
Grossulariaceae Argophyllum cryptophlebum 3 Wind/gravity 
Moraceae Ficus leptoclada  3 Animal 
Unknown Unknown sp. 9 3 Unknown 
Ebenaceae Diosoyros pentamera 2 Animal 
Elaeocarpaceae Elaeocarpus ruminatus 2 Animal 
Lauraceae Beilschmedia collina 2 Animal 
Lauraceae Beilschmiedia tooram 2 Animal 
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Lauraceae Cryptocarya melanocarpa 2 Animal 
Lauraceae Cryptocarya onoprienkoana 2 Animal 
Monimiaceae Wilkiea macrophylla 2 Animal 
Moraceae Ficus septica 2 Animal 
Moraceae Ficus sp. 2 Animal 
Myrtaceae Pilidiostigma tropicum  2 Animal 
Myrtaceae Rhodomyrtus pervagata 2 Animal 
Myrtaceae Syzygium boonjee 2 Animal 
Pittosporaceae Bursina spinosa 2 Animal 
Unknown Unknown sp. 3 2 Unknown 
Unknown Unknown sp. 4 2 Unknown 
Apocynaceae Neisosperma poweri 1 Animal 
Arecaceae Pothos brasii 1 Animal 
Elaeocarpaceae Aceratium concinnum 1 Animal 
Elaeocarpaceae Elaeocarpus bancroftii 1 Animal 
Fabaceae  Callerya sp 1 Wind/gravity 
Moraceae Ficus congesta 1 Animal 
Myrsinaceae Tapeinosperma sp. 1 Animal 
Sapindaceae Rhysotoechia flavescens 1 Animal 
Unknown Unknown sp. 11 1 Unknown 
Unknown Unknown sp. 13 1 Unknown 
Unknown Unknown sp. 18 1 Unknown 
Unknown Unknown sp. 6 1 Unknown 
 3014 
Appendix 2.6 Summary of logistic regression mixed-effects models assessed for the binary 3015 
response (probability of seed presence in quadrats).  Model selection estimators are: AIC = 3016 
Akaike’s Information Criterion; Δi = AICi – minAIC;  wi = Akaike weights.  The models in 3017 
bold represent the two best approximating models within the 95% confidence set of models. 3018 
Models are shown in descending order of Akaike weights. 3019 
 3020 
Candidate models AIC Δi wi 
1.  Distance + tree richness 467.9 0 0.960 
2.  Distance + tree density 476.5 8.65 0.013 
3.  Distance  477.4 9.55 0.008 
4.  Distance + aspect 477.5 9.60 0.008 
5.  Distance + tree height 477.5 9.65 0.008 
6.  Distance + slope 479.2 11.39 0.003 
7.  Null model (intercept only) 731.4 263.5 0.0000 
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 3021 
Appendix 2.7 Summary of the best approximating model for the binary response variable 3022 
(probability of rainforest seed being present in a quadrat). Variance parameters are estimates 3023 
of the unexplained variance among plots and also among transects (within plots). Within 3024 
transect (residual) variance is treated as a constant in logistic models and is therefore not 3025 
provided 3026 
 3027 
Model Parameter 
Parameter 
estimates 
Std. Error Wald Z P - value 
Fixed effects:     
Intercept -3.90839 0.87506 -4.466 <0.001 
Distance (m) 0.26769 0.02535 10.562 <0.001 
Tree richness (species) 0.04260 0.01049 4.062 <0.001 
     
Variance parameters:  
Plot 0.954 
Transect within plot 0.905 
 3028 
Appendix 2.8 Natural seedling recruits surveyed within 64 reforestation plots in August 3029 
2014.  Species are arranged in descending order of abundance. Classifications based on 3030 
information in Copper (2004). 3031 
 3032 
Family Species Seedling 
abundance 
Dispersal vector 
Rhamnacea Alphitonia petrei 223 Animal 
Myrtaceae Rhodamnia sessiliflora 13 Animal 
Euphorbiaceae Homalanthus novoguineensis 11 Animal 
Rutaceae Citrus x limon 10 Animal 
Phytolaccaceae Rivinia humilis 9 Animal 
Unknown Unknown 2 6 Unknown 
Sapindaceae Guioa lasioneura 6 Animal 
Unknown Unknown 4 Unknown 
Araliaceae Schefflera actinophylla  4 Animal 
Lauraceae Neolitsia dealbata 4 Animal 
Myrtaceae Syzygium cormiflorum 3 Animal 
Araliaceae Polysicas elegans 3 Animal 
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Myrtaceae Psidium guajava 2 Animal 
Lauraceae Litsea leefeana 2 Animal 
Sapindaceae Guioa acutifolia 2 Animal 
Myrtaceae Acmena resa 2 Animal 
Ulmaceae Trema tomentosa 1 Animal 
Fabaceae Indigofera suffruticosa  1 Wind/gravity 
Lauraceae Endiandra sankeyana 1 Animal 
Araucariaceae Araucaria cunninghamii  1 Animal 
Rutaceae Acronychia acidula 1 Animal 
 3033 
 3034 
Appendix 3.1 Research site descriptions 3035 
 3036 
Region Landscape Coordinates 
Nigeria 1 
2 
3 
7° 5'38.37"N, 11° 3'52.24"E 
7° 7'52.50"N, 11° 2'19.98"E 
7° 3'26.10"N, 11° 3'02.22"E 
Site description:  The Ngel Nyaki Forest Reserve is situated in Taraba State, southeastern Nigeria.  
The reserve is located on the Mambilla Plateau and includes 5.2 Km2 of highly floristically diverse 
submontane / montane forest up to 1600 m elevation (Chapman and Chapman 2001). The forest is 
surrounded by over-grazed grassland through which are strips of forest along stream banks. Rainfall 
is mostly between March and October with an annual average of ~ 1800 mm (Chapman and 
Chapman 2001).   
Colombia 1 
2 
3 
8° 2'16.21"N, 77° 5'48.69"W 
8° 3'35.13"N, 77° 6'29.82"W 
8° 6'58.92"N, 77° 1'33.44"W 
Site description:  The Chocó-Darien region of northwestern Colombia covers an area of 
approximately 11, 890 km2 consisting of low land swamp plains rising to mountains ranges with 
elevations up to 2,228 m.  Rainfall is highly variable with annual averages of 2,000 mm increasing to 
a maximum 8,000 mm. The region experiences two distinct wet (April-June, October-December) and 
dry (January-March, July-September) seasons.   The vegetation within the Chocó-Darien region is 
broadly dived between Tropical moist and Montane forest types (Golley et al. 1969) situated in an 
heterogeneous landscape of cattle pastures and small-scale agriculture.  
Australian Wet 
Tropics 
1 
2 
3 
17°14'44.81"S, 145°38'56.85"E 
17°28'19.59"S, 145°44'6.58"E 
17°25'37.43"S, 145°31'6.45"E 
Site description:  The Atherton Tableland is an inland plateau rising from 500 to 1000 m in elevation 
and is located approximately 100 km west of Cairns in northeast Queensland (Figure1). The climate 
is tropical, with distinct wet  (November- April) and dry (May – October) season.  Rainfall 
throughout the region is varied, fluctuating from 1200-2000 mm per annum.   The vegetation of the 
Tablelands is dominated by Complex Notophyll Vine Forest and both Complex and Simple 
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Mesophyll Vine forests (Tracey 1982).  The fragmented tropical landscapes of the Atherton 
tablelands have remnant patches of rainforest that range from largely pristine to heavily degraded 
forest systems (Bell et al. 1987).   
Australian Sub 
Tropics 
1 
2 
3 
28°15'22.49"S, 153°15'36.63"E 
28° 9'17.71"S, 153°13'6.90"E 
28°17'28.39"S, 153°12'8.83"E 
Site description:  The sub tropic region of Australia ranges from southeast Queensland and northern 
New South Wales.  The climate is subtropical, with distinct wet (November-March) and dry (April-
October) seasons and an annual rainfall of approximately 1500 mm.  The vegetation within this 
region consists of subtropical and both warm and cool temperate types (Floyd 1990).  Much of the 
remnant vegetation was cleared during the last century (Young and McDonald 1987), resulting in a 
highly heterogeneous landscape of forest fragments, grazing and agricultural land.  
 3037 
Appendix 3.2 Species and fruit morphology of focal isolated pasture trees. 3038 
 3039 
Tree 
number 
Family  Species Fruit type 
Colombia   
1 Bignoniaceae Tabebuia rosea Non-fleshy 
2 Monimiaceae Siparuna pauciflora Fleshy 
3 Malphigiaceae Byrsonima crassifolia Fleshy 
4 Anacardiaceae Anacardium excelsum Non-fleshy 
5 Anacardiaceae Anacardium excelsum Non-fleshy 
6 Anacardiaceae Anacardium excelsum Non-fleshy 
7 Rutaceae Zanthoxylum rhoifolium. Fleshy 
8 Rutaceae Zanthoxylum rhoifolium. Fleshy 
9 Anacardiaceae Spondias mombin Fleshy 
10 Bignoniaceae Tabebuia rosea Non-fleshy 
11 Anacardiaceae Spondias mombin Fleshy 
12 Anacardiaceae Anacardium excelsum Non-fleshy 
13 Moraceae Ficus tonduzii Fleshy 
14 Moraceae Ficus insipida Fleshy 
15 Fabaceae Dipteryx oleifera Non-fleshy 
16 Bignoniaceae Tabebuia rosea Non-fleshy 
17 Bignoniaceae Tabebuia guayacan Non-fleshy 
18 Bignoniaceae Tabebuia guayacan Non-fleshy 
19 Moraceae Brosimum utile Fleshy 
20 Moraceae Brosimum utile Fleshy 
21 Burseraceae Trattinnickia aspera Fleshy 
22 Fabaceae Ormosia paraensis Non-fleshy 
23 Fabaceae Ormosia paraensis Non-fleshy 
24 Myrtaceae Sygyzium malaccense Fleshy 
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25 Anacardiaceae Spondias mombin  Fleshy 
26 Sterculiaceae Sterculia apetala Non-fleshy 
27 Rutaceae Zanthoxylum ekmanii Fleshy 
28 Bignoniaceae Tabebuia rosea Non-fleshy 
29 Flacourtiaceae Casearia guianensis  Fleshy 
30 Moraceae Ficus tonduzii Fleshy 
31 Sterculiaceae Sterculia apetala Non-fleshy 
32 Bignoniaceae Tabebuia rosea Non-fleshy 
33 Fabaceae Swartzia simplex  Non-fleshy 
34 Sapindaceae Melicoccus bijugatus Fleshy 
35 Rubiaceae Pittoniotis trichantha Fleshy 
36 Fabaceae Swartzia simplex  Non-fleshy 
 
Nigeria 
 
  
37 Verbenaceae Vitex  doniana Fleshy 
38 Fabaceae Entada  abyssinica Non-fleshy 
39 Combretaceae Combretum molle Non-fleshy 
40 Euphorbiaceae Croton macrostachyus Fleshy 
41 Fabaceae Entada abyssinica Non-fleshy 
42 Euphorbiaceae Croton macrostachyus Fleshy 
43 Combretaceae Combretum molle Non-fleshy 
44 Myrtaceae Syzygium guineense Fleshy 
45 Phyllanthaceae  Bridelia speciosa Fleshy 
46 Combretaceae Combretum molle Non-fleshy 
47 Fabaceae Entada abyssinica Non-fleshy 
48 Moraceae Ficus sur Fleshy 
49 Myrtaceae Syzium guineense Non-fleshy 
50 Combretaceae Combretum molle Non-fleshy 
51 Combretaceae Combretum molle Non-fleshy 
52 Combretaceae Combretum molle Non-fleshy 
53 Combretaceae Combretum molle Non-fleshy 
54 Myrtaceae Eugenia gilgii Fleshy 
55 Combretaceae Combretum molle Non-fleshy 
56 Combretaceae Combretum molle Non-fleshy 
57 Myrtaceae Syzium guineense Fleshy 
58 Myrtaceae Syzium guineense Fleshy 
59 Myrtaceae Syzium guineense Fleshy 
60 Hypericaceae Harungana madagascariensis Fleshy 
61 Moraceae Ficus volgelli Fleshy 
62 Combretaceae Combretum molle Non-fleshy 
63 Myrtaceae Syzygium guineense Fleshy 
64 Fabaceae Entada abyssinica Non-fleshy 
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65 Myrtaceae Syzygium guineense Fleshy 
66 Fabaceae Entada abyssinica Non-fleshy 
67 Combretaceae Combretum molle Non-fleshy 
68 Araliaceae Cussonia barteri Fleshy 
69 Combretaceae Terminalia schimperiana Non-fleshy 
70 Moraceae Ficus volgelli Fleshy 
71 Combretaceae Combretum molle Non-fleshy 
72 Myrtaceae Syzygium guineense Fleshy 
 
Australian sub-tropics 
 
  
73 Lauraceae Neolitsia australiensis Fleshy 
74 Mimosaceae Acacia melanoxylon Non-fleshy 
75 Lauraceae Neolitsia australiensis Fleshy 
76 Cannabaceae Aphananthe philippinensis Fleshy 
77 Quintiniaceae Quintana verdonii Non-fleshy 
78 Meliaceae Toona australis Non-fleshy 
79 Mimosaceae Acacia aulacocarpa Non-fleshy 
80 Mimosaceae Acacia melanoxylon Non-fleshy 
81 Meliaceae Toona australis Non-fleshy 
82 Anacardiaceae Rhodosphaera rhodanthema Fleshy 
83 Elaeocarpaceae Elaeocarpus grandis Fleshy 
84 Elaeocarpaceae Elaeocarpus grandis Fleshy 
85 Cannabaceae Aphananthe philippinensis Fleshy 
86 Myrtaceae Syzygium australe Fleshy 
87 Cannabaceae Aphananthe philippinensis Fleshy 
88 Araucariaceae Araucaria cunninghamii Non-fleshy 
89 Cannabaceae Aphananthe philippinensis Fleshy 
90 Euphorbiaceae Mallotus philippensis Non-fleshy 
91 Araucariaceae Araucaria cunninghamii Non-fleshy 
92 Primulaceae Tapeinosperma pseudojambosa Fleshy 
93 Araucariaceae Araucaria cunninghamii Non-fleshy 
94 Malvaceae Argyrodendron trifoliolatum Non-fleshy 
95 Araucariaceae Araucaria cunninghamii Non-fleshy 
96 Cannabaceae Aphananthe philippinensis Fleshy 
97 Lauraceae Neolitsia dealbata Fleshy 
98 Rhamnacea Alphatonia Petrei Fleshy 
99 Proteaceae Grevillea robusta Non-fleshy 
100 Rhamnacea Alphatonia Petrei Fleshy 
101 Euphorbiaceae Macaranga tanarius Non-fleshy 
102 Ebenaceae Diospyros fasciculosa Fleshy 
103 Meliaceae Toona australis Non-fleshy 
104 Meliaceae Toona australis Non-fleshy 
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105 Ebenaceae Diospyros fasciculosa Fleshy 
106 Meliaceae Toona australis Non-fleshy 
107 Lauraceae Camphor laurel Fleshy 
108 Rutaceae Flindersia collina Non-fleshy 
 
Australian Wet Tropics 
 
  
109 Rutaceae Flindersia brayleyana Fleshy 
110 Surianaceae Guilfoylia monostylis Fleshy 
111 Mimosaceae Acacia celsa Non-fleshy 
112 Rhamnacea Alphatonia Petrei Fleshy 
113 Euphorbiaceae Macaranga Sp. Fleshy 
114 Fabaceae Castanospermum australe Non-fleshy 
115 Mimosaceae Acacia celsa Non-fleshy 
116 Fabaceae Castanospermum australe Non-fleshy 
117 Rutaceae Flindersia brayleyana Non-fleshy 
118 Proteaceae Stenocarpus sinuatus  Non-fleshy 
119 Rhamnacea Alphatonia petrei Fleshy 
120 Rhamnacea Alphatonia petrei Fleshy 
121 Proteaceae Athertonia diversifolia Fleshy 
122 Moraceae Ficus pleurocarpa Fleshy 
123 Moraceae Ficus obliqua Fleshy 
124 Moraceae Ficus pleurocarpa Fleshy 
125 Fabaceae Castanospermum australe Non-fleshy 
126 Sapindaceae Guioa lasioneuera Non-fleshy 
127 Mimosaceae Acacia celsa Non-fleshy 
128 Mimosaceae Acacia cincinnata Non-fleshy 
129 Sapindaceae Castanospora alphandii Fleshy 
130 Sapindaceae Mischocarpus macrocarpus Fleshy 
131 Araucariaceae Araucaria cunninghamii Non-fleshy 
132 Araucariaceae Araucaria cunninghamii Non-fleshy 
133 Moraceae Ficus obliqua Fleshy 
134 Moraceae Ficus obliqua Fleshy 
135 Annonaceae Haplostichanthus sp. Fleshy 
136 Moraceae Ficus obliqua Fleshy 
137 Rutaceae Flindersia brayleana Non-fleshy 
138 Myrtaceae Rhodamnia sessiliflora Fleshy 
139 Sapindaceae Guioa lasioneuera Non-fleshy 
140 Rutaceae Flindersia brayleyana Non-fleshy 
141 Rutaceae Geijera salicifolia Non-fleshy 
142 Rutaceae Flindersia brayleyana Non-fleshy 
143 Rutaceae Melicope jonesii Non-fleshy 
144 Rhamnacea Alphatonia petrei Fleshy 
 3040 
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Appendix 3.3 Pictures of seed traps showing examples of: a) seed trap design, b) position of 3041 
seed traps hung in remnant trees and c) and d) position of seed traps used as controls in open 3042 
pasture. 3043 
 3044 
 3045 
Appendix 3.4 Plant species, including dispersal method, life form and total number of seeds 3046 
caught in seed traps.  Species are arranged by tropical region and in descending order of 3047 
abundance.   3048 
 3049 
Family Species Number 
of seed 
Dispersal 
vector 
Life form 
Colombia     
Bignoniaceae Tabebuia rosea 3110 Wind/Gravity Tree 
Fabaceae Andira sp  2195 Animal Tree 
Rutaceae Zanthoxylum Rhoifolium 2193 Animal Tree 
Rutaceae Zanthoxylum ekmanii  1846 Animal Tree 
Moraceae Ficus tonduzii 687 Animal Tree 
Anacardiaceae Anacardium excelsum  550 Animal Tree 
Sterculiaceae Sterculia apetala  338 Animal Tree 
Malphigiaceae Byrsonima crassifolia  325 Animal Small tree 
Fabaceae Ormosia paraensis 241 Animal Tree 
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Sapindaceae Melicoccus bijugatus 221 Animal Tree 
Anacardiaceae Spondias mombin  205 Animal Tree 
Moraceae Ficus insipida 178 Animal Tree 
Flacourtiaceae Casearia guianensis 143 Animal Shrub/small 
tree 
Sterculiaceae Guazuma ulmifolia 129 Wind/Gravity Tree 
Moraceae Ficus pertusa  126 Animal Tree 
Ulmaceae Trema micrantha  122 Animal Tree 
Fabaceae Dipteryx oleifera 119 Animal Tree 
Bombacaceae Ochroma pyramidale 105 Wind/Gravity Tree 
Moraceae Brosimum utile 88 Animal Tree 
Moraceae Ficus maxima 82 Animal Tree 
Rubiaceae Pittoniotis trichantha 77 Animal Tree 
Fabaceae Swartzia simplex  72 Animal Tree 
Acanthaceae Mendoncia litoralis  71 Animal Vine 
Solanaceae Cestrum megalophyllum  67 Animal Shrub/small 
tree 
Malpighiaceae Hiraea faginea  65 Wind/Gravity Liana 
Myrtaceae Syzygium malaccense  63 Animal Tree 
Cecropiaceae Cecropia obtusifolia  59 Animal Small tree 
Bignoniaceae Tabebuia guayacan 54 Wind/Gravity Tree 
Monimiaceae Siparuna pauciflora  37 Animal Shrub/small 
tree 
Verbenaceae Tectona grandis  25 Animal Tree 
Arecaceae Chelyocarpus  24 Animal Shrub/small 
tree 
Anacardiaceae Spondias purpurea  22 Animal Tree 
Moraceae Brosimum guianense  19 Animal Tree 
Combretaceae Terminalia catappa 18 Animal Tree 
Arecaceae Attalea butyracea 17 Animal Tree 
Araliaceae Dendropanax arboreus  14 Animal Shrub/small 
tree 
Meliaceae Cedrela odorata  10 Wind/Gravity Tree 
Fabaceae Senna reticulata  9 Animal Small tree 
Sapotaceae Chrysophyllum argenteum  8 Animal Tree 
Burseraceae Trattinnickia aspera 7 Animal Tree 
Lauraceae Nectandra purpurea  7 Animal Shrub/small 
tree 
Fabaceae Dialium guianense 6 Animal Tree 
Unknown Unknown 1 6 Unknown Unknown 
Arecaceae Acrocomia aculeata 5 Animal Tree 
Fabaceae Inga punctata  5 Animal Tree 
Euphorbiaceae Pera arborea 4 Animal Tree 
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Lauraceae Ocotea oblonga  4 Animal Tree 
Meliaceae Trichilia tuberculata  4 Animal Tree 
Myrtaceae Myrcia zetekiana 4 Animal Shrub/small 
tree 
Tiliaceae Luehea seemanni  4 Wind/Gravity Tree 
Arecaceae Geonoma congesta  3 Animal Small tree 
Menispermaceae Abuta racemosa 3 Animal Liana 
Rubiaceae Psychotria psychotriifolia  3 Animal Shrub 
Sapindaceae Allophylus psilospermus 3 Animal Small tree 
Unknown Unknown 2 3 Unknown Unknown 
Anacardiaceae Campnosperma 
panamense 
2 Animal Tree 
Euphorbiaceae Adelia triloba  2 Animal Shrub/small 
tree 
Fabaceae Inga marginata  2 Animal Tree 
Fabaceae Inga mucuna  2 Animal Tree 
Flacourtiaceae Hasseltia floribunda  2 Animal Small tree 
Malvaceae Apeiba membranacea  2 Animal Tree 
Meliaceae Guarea grandifolia  2 Animal Tree 
Rubiaceae Posoqueria latifolia  2 Animal Shrub/small 
tree 
Smilacaceae Smilax spissa  2 Animal Vine 
Unknown Unknown 3 2 Unknown Unknown 
Unknown Unknown 4 2 Unknown Unknown 
Vochysiaceae Vochysia ferruginea  2 Wind/Gravity Tree 
Annonaceae Annona spraguei  1 Animal Tree 
Arecaceae Mauritia pacifica 1 Animal Tree 
Boraginaceae Tournefortia bicolor  1 Animal Shrub/vine 
Clusiaceae Tovomita longifolia  1 Animal Tree 
Lauraceae Beilschmiedia pendula  1 Animal Tree 
Moraceae Sorocea affinis 1 Animal Small tree 
Myristicaceae Virola sebifera 1 Animal Tree 
Rubiaceae Psychotria racemosa  1 Animal Shrub 
Solanaceae Markea Panamensis  1 Animal Small tree 
Unknown Unknown 5 1 Unknown Unknown 
Unknown Unknown 6 1 Unknown Unknown 
Unknown Unknown 7 1 Unknown Unknown 
Violaceae Rinorea sylvatica  1 Wind/Gravity Shrub/small 
tree 
Vitaceae Vitis tiliifolia  1 Animal Liana 
     
Australia Wet Tropics 
 
   
Rhamnacea Alphitonia petrei 2037 Animal Shrub/Small 
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tree 
Moraceae Ficus obliqua 1716 Animal Tree 
Moraceae Ficus pleurocarpa 629 Animal Tree 
Rutaceae Flindersia brayleyana 482 Wind/Gravity Tree 
Solanaceae Solanum mauritianum 454 Animal Shrub/Small 
tree 
Annonaceae Haplostichanthus sp. 361 Animal Tree 
Rutaceae Melicope jonesii 331 Animal Tree 
Myrtaceae Rhodamnia sessiliflora 235 Animal Shrub/Small 
tree 
Araucariaceae Araucaria cunninghamii 142 Wind/Gravity Tree 
Rutaceae Geijera salicifolia 121 Animal Shrub/Small 
tree 
Moraceae Ficus sp. 83 Animal Tree 
Moraceae Ficus Watkinsiana 71 Animal Tree 
Lauraceae Crytopocarya hypospodia 67 Animal Tree 
Proteaceae Stenocarpus sinuatus  56 Wind/Gravity Tree 
Sapindaceae Guioa lasioneuera 48 Animal Shrub/Small 
tree 
Myrtaceae Syzygium johnsonii 47 Animal Tree 
Sapindaceae Castanospora alphandii 46 Animal Tree 
Mimosaceae Acacia celsa 45 Animal Tree 
Proteaceae Athertonia diversifolia 43 Animal Tree 
Euphorbiaceae Macaranga inamoena 38 Animal Shrub/Small 
tree 
Euphorbiaceae Homalanthus 
novoguineensis 
33 Animal Shrub/Small 
tree 
Surianaceae Guilfoylia monostylis 27 Animal Tree 
Mimosaceae Acacia cincinnata 26 Animal Tree 
Monimiaceae Austromatthaea elegans 22 Animal Shrub 
Moraceae Ficus virens 22 Animal Tree 
Myrtaceae Syzygium endophloium 15 Animal Tree 
Fabaceae Castanospermum australe 13 Wind/Gravity Tree 
Rutaceae Acronychia 
acronychioides 
12 Animal Tree 
Celastraceae Maytenus disperma 12 Wind/Gravity Tree 
Lauraceae Cryptocarya 
onoprienkoana 
11 Animal Tree 
Thymelaeaceae Lethedon setosa 9 Animal Shrub/Small 
tree 
Flagellariaceae Flagellaria indica 8 Animal Vine 
Boraginaceae Ehretia acuminata 7 Animal Tree 
Lauraceae Neolitsia dealbata 7 Animal Shrub/Small 
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tree 
Myrtaceae Pilidiostigma tropicum 7 Animal Shrub/Small 
tree 
Araceae Alocassia brisbanensis 4 Animal Shrub 
Apocynaceae Alyxia oblongata 4 Animal Shrub 
Lauraceae Endiandra wolfei 4 Animal Tree 
Oleaceae Jasmine didymum 4 Animal Shrub/vine 
Rutaceae Melicope elleryana 4 Animal Tree 
Caesalpiniaceae Senna septemtrionalis 4 Wind/Gravity Shrub 
Unknown Unknown 8 4 Uknown Unknown 
Celastraceae Elaeodendron 
melanocarpum 
3 Animal Shrub/Small 
tree 
Rutaceae Melicope vitiflora 3 Animal Tree 
Primulaceae Myrsine ireneae 3 Animal Shrub 
Escalloniaceae Polyosma rigidiuscula 3 Animal Shrub 
Rhamnacea Rhamnus napalensis 3 Animal Shrub/vine 
Unknown Unknown 9 3 Uknown Unknown 
Rutaceae Acronychia aberrans 2 Animal Tree 
Loranthaceae Decaspermum humile 2 Animal Shrub/Small 
tree 
Santalaceae Exocarpus latifolius 2 Animal Shrub/Small 
tree 
Rutaceae Melicope ruba 2 Animal Shrub/Small 
tree 
Sapindaceae Mischocarpus 
macrocarpus 
2 Animal Tree 
Araceae Pothos brassi 2 Animal Vine 
Rutaceae Zanthoxylum veneficum 2 Animal Tree 
Apocynaceae Alyxia ilicifolia 1 Animal Shrub 
Lauraceae Cryptocarya clarksonia 1 Animal Tree 
Elaeocarpaceae Elaeocarpus bancroftii 1 Animal Tree 
Proteaceae Gevuina bleasdalei 1 Animal Tree 
Meliaceae Melia azerdarach 1 Animal Tree 
Sapotaceae Pouteria papyracea 1 Animal Tree 
Myrtaceae Rhodamnia longisepala 1 Animal Shrub 
Unknown Unknown 10 1 Unknown Unknown 
     
Australia sub-tropics 
 
   
Araucariaceae Araucaria cunninghamii 1634 Wind/Gravity Tree 
Rhamnacea Alphatonia Petrei 1581 Animal Shrub/Small 
tree 
Cannabaceae Aphananthe philippinensis 822 Animal Tree 
Ebenaceae Diospyros fasciculosa 742 Animal Shrub/Small 
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tree 
Lauraceae Neolitsia australiensis  479 Animal Tree 
Solanaceae Solanum mauritianum 323 Animal Shrub/Small 
tree 
Lauraceae Cinamomum camphora 278 Animal Tree 
Myrtaceae Syzygium australe 218 Animal Tree 
Euphorbiaceae Macaranga tanarius 152 Animal Shrub/Small 
tree 
Mimosaceae Acacia melanoxylon 147 Animal Tree 
Anacardiaceae Rhodosphaera 
rhodanthema 
119 Animal Tree 
Lauraceae Neolitsia dealbata 114 Animal Shrub/Small 
tree 
Unknown Unknown 11 113 Unknown Unknown 
Meliaceae Toona australis 112 Wind/Gravity Tree 
Elaeocarpaceae Elaeocarpus grandis 95 Animal Tree 
Quintiniaceae Quintinia verdonii 88 Animal Vine 
Euphorbiaceae Mallotus philippensis 87 Animal Shrub/Small 
tree 
Moraceae Ficus fraseri 79 Animal Tree 
Rutaceae Melicope elleryana 57 Animal Tree 
Malvaceae Argyrodendron 
trifoliolatum 
46 Wind/Gravity Tree 
Araceae Alocasia brisbaneensis 39 Animal Shrub 
Primulaceae Tapeinosperma 
pseudojambosa 
23 Animal Shrub/Small 
tree 
Rutaceae Geijera salicifolia 22 Animal Shrub/Small 
tree 
Mimosaceae Acacia aulacocarpa 21 Animal Tree 
Lauraceae Cinnamomum oliveri  18 Animal Tree 
Lauraceae Cryptocarya oblata  12 Animal Tree 
Unknown Unknown 12 11 Unknown Unknown 
Unknown Unknown 13 11 Unknown Unknown 
Rutaceae Flindersia collina 11 Wind/Gravity Tree 
Santalaceae Exocarpos latifolius  9 Animal Shrub/Small 
tree 
Moraceae Ficus sp 8 Animal Tree 
Annonaceae Polyalthia nitidissima 7 Animal Shrub/Small 
tree 
Unknown Unknown 14 7 Unknown Unknown 
Proteaceae Grevillea hiliana  6 Wind/Gravity Tree 
Smilacaceae Smilax glyiphylla  5 Animal Vine 
Unknown Unknown 15 5 Unknown Unknown 
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Lauraceae Cryptocarya hyospodia 3 Animal Tree 
Meliaceae Melia azedarach 3 Animal Tree 
Menispermaceae Legnephora moorei 3 Animal Vine 
Thymelaeaceae Wikstroemia indica 3 Animal Shrub 
Meliaceae Synoun glandulosum 2 Animal Tree 
Unknown Unknown 16 2 Unknown Unknown 
Unknown Unknown 17 2 Unknown Unknown 
Unknown Unknown 18 2 Unknown Unknown 
Unknown Unknown 19 2 Unknown Unknown 
Caesalpiniaceae Cassia floribunda 1 Animal Shrub 
Celastraceae Elaeodendron australe 1 Animal Shrub/Small 
tree 
Ebenaceae Diospyros humilis 1 Animal Shrub/Small 
tree 
Flagellariaceae Flagellaria indica 1 Animal Vine 
Mimosaceae Pararchidendron 
pruinosum  
1 Animal Tree 
Pittosporaceae Bursaria spinosa 1 Wind/Gravity Shrub/Small 
tree 
Proteaceae Grevillea robusta 1 Wind/Gravity Tree 
Putranjivaceae Drypetes deplancheri  1 Animal Shrub/Small 
tree 
Solanaceae Solanum callium 1 Animal Shrub 
Unknown Unknown 20 1 Unknown Unknown 
Unknown Unknown 21 1 Unknown Unknown 
Unknown Unknown 22 1 Unknown Unknown 
Unknown Unknown 23 1 Unknown Unknown 
     
Nigeria 
 
    
Phyllanthaceae Bridelia speciosa 568 Animal Tree 
Euphorbiaceae Croton macrostachyus 287 Animal Tree 
Unknown Unknown 24 87 Unknown Unknown 
Myrtaceae Syzygium guineense 82 Animal Tree 
Moraceae Ficus sur 60 Animal Tree 
Myrtaceae Syzygium macrocarpa 55 Animal Tree 
Myrtaceae Eugenia gilgii 49 Animal Tree 
Fabaceae Entada abyssinica 29 Wind/Gravity Small tree 
Anacardiaceae Lannea barteri 14 Animal Small tree 
Unknown Unknown 25 13 Unknown Unknown 
Unknown Unknown 26 11 Unknown Unknown 
Unknown Unknown 27 4 Unknown Unknown 
Unknown Unknown 28 4 Unknown Unknown 
Rubiaceae Psychotria peduncularis 2 Animal Shrub 
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Verbenaceae Vitex Doniana 7 Animal Tree 
 3050 
Appendix 3.5 Model summary of rainforest seed diversity as a function of multiple 3051 
covariates.  Significance levels are denoted: ‘***’ (>0.001), ‘**’ (>0.01), ‘*’ (>0.05) and ‘.’ 3052 
(>0.1).   3053 
 3054 
Fixed effects Estimates SE DF t-value P 
Intercept 0.531 0.288 127 1.839 0.0681. 
Australian Wet Tropics 0.935 0.479 8 1.952 0.0866. 
Colombia 1.256 0.580 8 2.163 0.0624. 
Nigeria 0.537 0.461 8 1.164 0.2779 
Distance to Forest (m) 0.185 0.06 127 2.738 0.0071** 
Area of woody vegetation in pasture 
(m2/500m radius) 
-0.001 0.001 127 -3.095 0.0024** 
Australian Wet Tropics *Distance from 
forest 
-0.365 0.119 127 -3.056 0.0027** 
Colombia *Distance from forest -0.247 0.130 127 -1.899 0.0597* 
Nigeria *Distance from forest -0.296 0.111 127 -2.661 0.0088** 
 3055 
Appendix 3.6 Model summary of rainforest seed richness as a function of multiple 3056 
covariates.  Significance levels are denoted: ‘***’ (>0.001), ‘**’ (>0.01), ‘*’ (>0.05) and ‘.’ 3057 
(>0.1).   3058 
 3059 
Fixed effects Estimates SE DF t-value P 
Intercept 1.212 0.320 127 3.779 0.0002** 
Australian Wet Tropics 0.597 0.510 8 1.171 0.2751 
Colombia 1.009 0.608 8 1.658 0.1358 
Nigeria 0.314 0.491 8 0.638 0.5408 
Distance to Forest (m) 0.139 0.073 127 1.898 0.0599. 
Area of woody vegetation in pasture 
(m2/500m radius) 
-0.001 0.001 127 -2.308 0.0226* 
Australian Wet Tropics *Distance from 
forest 
-0.273 0.125 127 -2.185 0.0307* 
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Colombia *Distance from forest -0.174 0.135 127 -1.289 0.1995 
Nigeria *Distance from forest -0.244 0.117 127 -2.089 0.0386* 
 3060 
Appendix 3.7 Model summary of rainforest seed evenness as a function of multiple 3061 
covariates.  Significance levels are denoted: ‘***’ (>0.001), ‘**’ (>0.01), ‘*’ (>0.05) and ‘.’ 3062 
(>0.1).   3063 
Fixed effects Estimates SE DF t-value P 
Intercept 0.457 0.185 127 2.470 0.0148* 
Australian Wet Tropics 0.508 0.307 8 1.654 0.1365 
Colombia 0.495 0.372 8 1.329 0.2204 
Nigeria 0.395 0.296 8 1.333 0.2190 
Distance to Forest (m) 0.092 0.043 127 2.135 0.0346* 
Area of woody vegetation in pasture 
(m2/500m radius) 
-0.001 0.001 127 -2.834 0.0053** 
Australian Wet Tropics *Distance from 
forest 
-0.194 0.076 127 -2.531 0.0126* 
Colombia *Distance from forest -0.115 0.083 127 - 1.387 0.1677 
Nigeria *Distance from forest -0.167 0.071 127 -2.344 0.0206* 
 3064 
 3065 
Appendix 3.8 Rainforest seed richness under remnant pasture trees in relation to distance of the remnant 3066 
tree to the nearest forest fragment (m) and low (dotted black line), mean (solid grey line) and high (solid 3067 
black line) levels of woody vegetation area within pasture (m2), in a 500 m radius of the remnant tree.  3068 
Values for low, mean and high levels of woody vegetation area for each region are Colombia (4000, 39406, 3069 
80000 m2), Nigeria (2500, 28467, 85000 m2), Australian Wet Tropics (3500, 13693, 60000 m2) and 3070 
Australian sub tropics (4000, 39798, 70000 m2) respectively. 3071 
 3072 
 3073 
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 3074 
 3075 
 3076 
 3077 
Appendix 3.9 Rainforest seed evenness under remnant pasture trees in relation to distance of the 3078 
remnant tree to the nearest forest fragment (m) and low (dotted black line), mean (solid grey line) 3079 
and high (solid black line) levels of woody vegetation area within pasture (m2), in a 500 m radius 3080 
of the remnant tree.  Values for low, mean and high levels of woody vegetation area for each 3081 
region are Colombia (4000, 39406, 80000 m2), Nigeria (2500, 28467, 85000 m2), Australian Wet 3082 
Tropics (3500, 13693, 60000 m2) and Australian sub tropics (4000, 39798, 70000 m2) respectively. 3083 
 3084 
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 3085 
 3086 
Appendix 3.10 Model summary of rainforest seed abundance as a function of multiple 3087 
covariates.  Significance levels are denoted: ‘***’ (>0.001), ‘**’ (>0.01), ‘*’ (>0.05) and ‘.’ 3088 
(>0.1).   3089 
 3090 
Fixed effects Estimates SE DF t-value P 
Intercept 3.583 0.408 131 8.766 0.0000 
Australian Wet Tropics -0.655 0.482 8 -1.359 0.2109 
Colombia 0.471 0.452 8 1.043 0.3271 
Nigeria -0.889 0.457 8 -1.941 0.0881. 
 
Area of woody vegetation in pasture 
(m2/500m radius) 
-0.001 0.001 131 -2.488   0.0141** 
 
 3091 
 3092 
 3093 
 3094 
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Appendix 4.1 List of species (grouped by family in alphabetical order) with respective traits 3095 
and successional stage status used in diversity treatments in the rainforest restoration project. 3096 
Diversity treatments included: monoculture (1), six species (6) and twenty-four species (24). 3097 
*Values obtained by Chave et al. (2009) and Zanne et al. (2009). **Information obtained from 3098 
Kooyman (1996), Warboys (2006) and Goosem and Tucker (2013). ***Information obtained 3099 
from (Cooper and Cooper 2004). ****Information obtained from (Royal Botanic Gardens Kew 3100 
2017). Φ Seed mass for Melicope jonesii was obtained via direct measurements voucher 3101 
specimens. ψ Syzygium kuranda was substituted for Syzygium cormiflorum when S. cormiflorum 3102 
was not available. 3103 
Species Family Wood 
density 
(g/cm3)* 
Maximum 
tree height 
(m) *** 
Seed mass 
(mg) **** 
Successional 
Stage ** 
Dispersal 
vector *** 
Diversity 
treatment 
Cryptocarya oblata Lauraceae 0.474 35 7650 Mature  Animal 24 
Endiandra sankeyana Lauraceae 0.680 30 5600 Mature Animal 24 
Litsea leefeana Lauraceae 0.421 30 600 Late secondary Animal 24 
Neolitsea dealbata Lauraceae 0.498 15 146 Early Animal 6, 24 
Ficus congesta Moraceae 0.381 6 0.32 Early Animal 24 
Ficus destruens Moraceae 0.420 40 0.40 Mature  Animal 24 
Ficus obliqua Moraceae 0.521 50 0.44 Mature  Animal 24 
Ficus septica Moraceae 0.421 15 0.21 Early  Animal 6, 24 
Acmena resa Myrtaceae 0.676 40 551.3 Mature  Animal 24 
Rhodamnia sessiliflora Myrtaceae 0.839 10 30 Early  Animal 24 
Syzygium cormiflorum Myrtaceae 0.672 30 11307 Mature  Animal 6, 24 
Syzygium kuranda ψ Myrtaceae 0.581 35 5321.3 Mature Animal 24 
Syzygium luehmannii Myrtaceae 0.607 35 54 Mature Animal 24 
Cardwellia sublimis Proteaceae 0.464 35 582 Late secondary  Animal 6, 24 
Darlingia ferruginea Proteaceae 0.517 30 385 Early  Wind/gravity 24 
Lomatia fraxinifolia Proteaceae 0.839 25 25 Late secondary Wind/gravity 24 
Stenocarpus sinuatus Proteaceae 0.646 40 20.2 Mature Wind/gravity 24 
Acronychia acidula Rutaceae 0.551 27 89 Late secondary  Animal 24 
Flindersia brayleyana Rutaceae 0.481 35 35 Late secondary Wind/gravity 1, 6, 24 
Melicope elleryana Rutaceae 0.524 35 1.61 Early Animal 24 
Melicope jonesii Rutaceae 0.516 35 7.7 Φ Early  Animal 24 
	142	
Castanospora 
alphandii 
Sapindaceae 0.607 45 2765 Late secondary  Animal 6, 24 
Guioa acutifolia Sapindaceae 0.607 20 33 Early  Animal 24 
Guioa lasioneura Sapindaceae 0.536 15 49 Early  Animal 24 
Mischocarpus 
lacnocarpus 
Sapindaceae 0.697 20 59 Late secondary Animal 24 
 3104 
Appendix 4.2 Environmental, biological and planting variables used in early stage seedling 3105 
mortality analysis.  3106 
Variables Type Units/levels 
Block Factor - random Eight blocks 
Plot Factor - random Eight plots 
Family Factor - random Six levels (see Appendix S1) 
Species Factor - random Twenty-five levels (see Appendix S1) 
Diversity treatment Factor - Fixed Three levels (monoculture, six species, twenty-four species)  
Density treatment Factor - Fixed Two levels (1.75 m and 3.0 m spacing) 
Wood density Continuous - Fixed Measured in g/cm3 (0.38 – 0.84 g/cm3) 
Seed mass Continuous - Fixed Measured in milligrams (0.21 – 11307 mg) 
Maximum Adult tree height Continuous - Fixed Measured in metres (6 – 50 m) 
Successional stage Categorical - Fixed Three levels (early, late-secondary and mature stage) 
Dispersal vector Categorical - Fixed Two levels (animal and wind/gravity) 
Aspect Categorical - Fixed Two levels (north and south facing) 
Slope Continuous - Fixed Measured in degrees (13- 49°) 
Distance to forest Continuous- Fixed Measured in metres (15.5 – 247 m) 
Days until first rain Continuous - Fixed Five levels (one to five days until first rain) 
Planter identity Factor - Fixed Five levels (persons who planted seedlings) 
 3107 
 3108 
Appendix 4.3 Variance component analysis of functional trait levels within and between 3109 
seedling families. 3110 
Groups Variance Standard deviation 
Wood density   
Variation between family 0.005 0.073 
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Variation within family (residuals) 0.009 0.099 
Seed mass   
Variation between family 8.128 2.851 
Variation within family (residuals) 4.233 2.057 
Maximum tree height   
Variation between family 0 0 
Variation within family (residuals) 123.9 11.13 
 3111 
Appendix 4.4 Variation of a) plant wood density levels (g/cm3), b) seed mass (mg) and c) 3112 
maximum tree height (m) within and between plant families: Lauraceae, Moraceae, Myrtaceae, 3113 
Proteaceae, Rutaceae and Sapindaceae. 3114 
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Appendix 4.5 Pearson’s product movement correlation for explanatory variables used in 3116 
mixed models. Significance levels are denoted: ‘***’ (>0.001), ‘**’ (>0.01) and ‘*’ (>0.05). 3117 
 3118 
Variables 1 2 3 4 5 6 
1. Slope (degrees) -      
2. Days until first rain -0.33 -     
3. Wood density (g/cm3) 0.05 0.01 -    
4. Distance to nearest forest (m) -0.25 0.54 -0.03 * -   
5. Seed mass (mg) 0.00 0.01 0.46 -0.01 -  
6. Maximum adult tree height (m) -0.05 0.03 * 0.04 0.04 0.09 - 
 3119 
Appendix 4.6 Overall rank of seedling survival (%) within 31 months post-planting. 3120 
Flindersia brayleyana seedlings within monoculture plots are excluded. *Information 3121 
obtained from Kooyman (1996), Warboys (2006) and (Goosem and Tucker 2013). 3122 
Species Family Survival (%) Successional Stage * 
Stenocarpus sinuatus Proteaceae 87.4 Mature phase 
Rhodamnia sessiliflora Myrtaceae 81.0 Early phase 
Guioa lasioneura Sapindaceae 80.8 Early phase 
Guioa acutifolia Sapindaceae 79.2 Early phase 
Ficus obliqua Moraceae 78.0 Mature phase 
Ficus septica Moraceae 77.4 Early phase 
Acronychia acidula Rutaceae 76.8 Late secondary phase 
Syzygium cormiflorum Myrtaceae 68.6 Mature phase 
Melicope elleryana Rutaceae 66.1 Early phase 
Mischocarpus lacnocarpus Sapindaceae 65.9 Late secondary phase 
Ficus destruens Moraceae 65.9 Mature phase 
Darlingia ferruginea Proteaceae 65.7 Early phase 
Syzygium luehmannii Myrtaceae 61.9 Mature phase 
Cardwellia sublimis Proteaceae 61.1 Late secondary phase 
Acmena resa Myrtaceae 60.0 Mature phase 
Endiandra sankeyana Lauraceae 56.8 Late secondary phase 
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Flindersia brayleyana Rutaceae 49.2 Late secondary phase 
Lomatia fraxinifolia Proteaceae 47.4 Late secondary phase 
Litsea leefeana Lauraceae 46.0 Mature phase 
Syzygium kuranda Myrtaceae 40.4 Mature phase 
Castanospora alphandii Sapindaceae 32.1 Late secondary phase 
Neolitsea dealbata Lauraceae 30.8 Early phase 
Ficus congesta Moraceae 19.2 Early phase 
Cryptocarya oblata Lauraceae 9.7 Mature phase 
Melicope jonesii Rutaceae 9.3 Early phase 
 3123 
Appendix 4.7 Model summary of seedling survival four months post planting as a function of 3124 
multiple covariates. The binary response (seedlings alive or dead in plots) was modelled using logit 3125 
link function and binomial error distribution. Within plot (residual) variance is treated as a constant 3126 
in logistic models, shown below as “NA”. 3127 
Fixed effects Estimate (logits) SE Z-value P 
Intercept 2.552 1.04 2.445 0.014 
Wood density (g/cm3) -0.625 1.797 -0.348 0.727 
Distance from forest (m) -0.020 0.004 -4.491 >0.001 
Aspect (South) 0.452 0.197 2.29 0.021 
Wood density: Distance from forest 0.030 0.008 3.737 >0.001 
     
Variance estimates     
Within plot NA    
Plot within block 0.082    
Species within family 0.519    
Among block 0.001    
Among family 0.257    
 3128 
Appendix 4.8 Probability of Flindersia brayleyana seedling survival in relation to slope of 3129 
plot for 0 – 4 months post planting. Points are mean probabilities calculated by ten bins of 3130 
ordered binary values. Bars are associated standard errors on the probability scale. Shaded 3131 
bands represent 95% confidence intervals. 3132 
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 3133 
 3134 
 3135 
 3136 
Appendix 4.9 Model summary of Flindersia brayleyana seedling survival four months post 3137 
planting as a function of multiple covariates. The binary response (seedlings alive or dead in 3138 
plots) was modelled using logit link function and binomial error distribution. Within plot 3139 
(residual) variance is treated as a constant in logistic models, shown below as “NA”. 3140 
Fixed effects Estimate (logits) SE z-value P 
(Intercept) -0.312 0.491 -0.636 0.525 
Slope (degrees) 0.048 0.015  3.106 0.002 
 
Variance estimates 
    
Within plot NA   
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Plot within block  0.613   
Among block 0.001     
 3141 
Appendix 4.10 Model summary of seedling survival between four and nine months post 3142 
planting as a function of multiple covariates. The binary response (seedlings alive or dead in 3143 
plots) was modelled using logit link function and binomial error distribution. Within plot 3144 
(residual) variance is treated as a constant in logistic models, shown below as “NA”. 3145 
Fixed effects Estimate (logits) SE Z-value P 
Intercept 3.643 1.204 3.026 0.002 
Wood density (g/cm3) 2.985 1.628 1.834 0.066 
Slope (degrees) -0.067 0.018 -3.824 >0.001 
Distance from forest (m) -0.005 0.003 -2.105 0.035 
Planter ID #2 -1.022 0.459 -2.226 0.026 
Planter ID #3 -0.162 0.398 -0.409 0.682 
Planter ID #4 0.159 0.447 0.356 0.721 
Planter ID #5 -1.112 0.364 -3.060 >0.001 
     
Variance estimates     
Within plot NA    
Plot within block 0.309    
Species within family 0.780    
Among block 0.001    
Among family 0.001    
 3146 
Appendix 4.11 Probability of seedling survival in relation to plant wood density levels 3147 
(g/cm3) and distance of the plot to the nearest forest fragment (m) between 4 – 9 months 3148 
post-planting. Fitted line values for low and high wood density are 0.381 and 0.839 g/cm3 3149 
respectively. Points for high and low wood density were calculated from the upper and 3150 
lower third of wood density values, respectively. Bars are associated standard errors on the 3151 
probability scale. Shaded bands represent 95% confidence intervals. 3152 
 3153 
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 3154 
 3155 
Appendix 4.12 Model summary of seedling survival between nine and 31 months post 3156 
planting as a function of multiple covariates. The binary response (seedlings alive or dead in 3157 
plots) was modelled using logit link function and binomial error distribution. Within plot 3158 
(residual) variance is treated as a constant in logistic models, shown below as “NA”. 3159 
 3160 
Fixed effects Estimate (logits) SE Z-value P 
Intercept -0.827 1.585 -0.522 0.601 
Wood density (g/cm3) 5.873 2.509 2.341 0.019 
Slope (degrees) 0.026 0.032 0.820 0.411 
Distance from forest (m) -0.004 0.002 -1.820 0.068 
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Planter #2 0.372 0.430 0.866 0.386 
Planter #3 0.521 0.364 1.434 0.151 
Planter #4 0.909 0.416 2.189 0.028 
Planter #5 0.551 0.349 1.597 0.110 
Wood density : Slope -0.114 0.049 -2.314 0.020 
     
Variance estimates     
Within plot NA    
Plot within block 0.2807    
Species within family 1.0380    
Among block 0.0001    
Among family 0.0001    
 3161 
 3162 
Appendix 4.13 Model summary of Flindersia brayleyana seedling survival between nine 3163 
and 31 months post planting as a function of multiple covariates. The binary response 3164 
(seedlings alive or dead in plots) was modelled using logit link function and binomial error 3165 
distribution. Within plot (residual) variance is treated as a constant in logistic models, shown 3166 
below as “NA”. 3167 
 3168 
Fixed effects Estimate (logits) SE z-value P 
(Intercept) 0.815 1.182 4.496 >0.001 
Six species diversity 1.015 0.277 3.639 >0.001 
Twenty-four species diversity 0.832 0.423 1.969 0.048 
 
Variance estimates 
    
Within plot NA   
Plot within block  0.280   
Among block 0.081     
 3169 
Appendix 4.14 Pairwise comparisons of diversity treatments in relation to the probability of 3170 
Flindersia brayleyana seedling survival 9-31 months post planting.  3171 
 3172 
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Pairwise comparisons Estimate SE z-value P 
Six species - monoculture 1.011 0.277 3.64 <0.001 
Twenty four species - 
monoculture 
0.832 0.423 1.969 0.115 
Twenty four species - six 
species 
-0.177   0.455 -0.39 0.917 
 3173 
 3174 
Appendix 4.15 Relationships of the slope (degrees) of experimental plots and a) soil temperature (°C), b) soil 3175 
pH, c) soil electrical conductivity (µS/cm) and d) soil inorganic Nitrogen (ng). Values of soil variables were 3176
obtained from soil samples collected from each individual plot in August 2014. Samples were taken from 3177 
10cm below soil surface at three random points around the centre of each plot and were then mixed together to 3 78 
gain an average sample for each plot. Soil analysis was conducted at the University of Adelaide. Available 3179 
Nitrogen was extracted by shaking soil with 2 M KCl solution at a soil:solution ratio of 1:5 for 1 hour at 200-3180 
300 rpm. The suspension was filtered through Whatman filter paper No. 42. Ammonium was measured 3181
colorimetrically at 685 nm as described by Willis et al. (1996). Nitrate in the 2 M KCl extracts was determined 3182 
colorimetrically at 540 nm using a modification of (Miranda et al. 2001), as described in (Cavagnaro et al. 3183 
2006). 3184 
 3185 
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 3186 
 3187 
 3188 
Appendix 5.1 List of species (grouped by family in alphabetical order) with respective traits and successional 3189 
stage status used in diversity treatments in the rainforest restoration project. Diversity treatments included: 3190 
monoculture (1), six species (6) and twenty-four species (24). *Values obtained by Chave et al. (2009) and 3191 
Zanne et al. (2009). **Information obtained from Kooyman (1996), Warboys (2006) and Goosem and Tucker 3192 
(2013). ***Information obtained from (Cooper and Cooper 2004). ****Information obtained from (Royal 3193 
Botanic Gardens Kew 2017). Φ Seed mass for Melicope jonesii was obtained via direct measurements of 3194 
voucher specimens. ψ Syzygium kuranda was substituted for Syzygium cormiflorum when S. cormiflorum was 3195 
not available. 3196 
Species Family Wood density 
(g/cm3)* 
Successional 
Stage ** 
Maximum 
tree height 
(m) *** 
Seed mass 
(mg) **** 
Diversity 
treatment  
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Cryptocarya oblata Lauraceae 0.474 Mature  35 7650 24 
Endiandra sankeyana Lauraceae 0.680 Mature 30 5600 24 
Litsea leefeana Lauraceae 0.421 Late secondary 30 600 24 
Neolitsea dealbata Lauraceae 0.498 Early 15 146 6, 24 
Ficus congesta Moraceae 0.381 Early 6 0.32 24 
Ficus destruens Moraceae 0.420 Mature  40 0.40 24 
Ficus obliqua Moraceae 0.521 Mature  50 0.44 24 
Ficus septica Moraceae 0.421 Early  15 0.21 6, 24 
Acmena resa Myrtaceae 0.676 Mature  40 551.3 24 
Rhodamnia sessiliflora Myrtaceae 0.839 Early  10 30 24 
Syzygium cormiflorum Myrtaceae 0.672 Mature  30 11307 6 
Syzygium kuranda ψ Myrtaceae 0.581 Mature 35 5321.3 24 
Syzygium luehmannii Myrtaceae 0.607 Mature 35 54 24 
Cardwellia sublimis Proteaceae 0.464 Late secondary  35 582 6, 24 
Darlingia ferruginea Proteaceae 0.517 Early  30 385 24 
Lomatia fraxinifolia Proteaceae 0.839 Late secondary 25 25 24 
Stenocarpus sinuatus Proteaceae 0.646 Mature 40 20.2 24 
Acronychia acidula Rutaceae 0.551 Late secondary  27 89 24 
Flindersia brayleyana Rutaceae 0.481 Late secondary 35 35 1, 6, 24 
Melicope elleryana Rutaceae 0.524 Early 35 1.61 24 
Melicope jonesii Rutaceae 0.516 Early  35 7.7 Φ 24 
Castanospora alphandii Sapindaceae 0.607 Late secondary  45 2765 6, 24 
Guioa acutifolia Sapindaceae 0.607 Early  20 33 24 
Guioa lasioneura Sapindaceae 0.536 Early  15 49 24 
Mischocarpus lacnocarpus Sapindaceae 0.697 Late secondary 20 59 24 
 3197 
 3198 
Appendix 5.2  Changes in mean diameter (mm) over time (weeks) for 25 tropical tree 3199 
species, planted in pastures on the Thiaki Creek Nature Reserve, Queensland, Australia.    3200 
 3201 
 3202 
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 3203 
Appendix 5.3  Changes in mean height (mm) over time (weeks) for 25 tropical tree species, 3204 
planted in pastures on the Thiaki Creek Nature Reserve, Queensland, Australia.    3205 
 3206 
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Appendix 5.4  Changes in mean a) diameter (mm) and b) height (mm) over time (weeks) for 3207 
six seedling families planted in pastures on the Thiaki Creek Nature Reserve, Queensland, 3208 
Australia.   3209 
 3210 
 3211 
Appendix 5.5   Relative mean diameter and height growth rates (mm day-1) ± Standard 3212 
deviation (SD) during 27 months post planting for 25 tropical tree species, planted in 3213 
pastures on the Thiaki Creek Nature Reserve, Queensland, Australia.   Species are ordered 3214 
by family. 3215 
Species Family Mean diameter growth 
rate (mm day-1± SD) 
Mean height growth rate 
(mm day-1± SD) 
Cryptocarya oblata Lauraceae 0.0021 ± 0.011 0.2013 ± 1.04 
Endiandra sankeyana Lauraceae 0.0061 ± 0.012 0.5206 ± 0.95 
Litsea leefeana Lauraceae 0.0085 ± 0.015 0.5858 ± 1.16 
Neolitsea dealbata Lauraceae 0.0064 ± 0.013 0.656 ± 1.190 
Ficus congesta Moraceae 0.0086 ± 0.015 0.0529 ± 1.27 
Ficus destruens Moraceae 0.0072 ± 0.01 0.4862 ± 0.53 
Ficus obliqua Moraceae 0.0122 ± 0.016 0.543 ± 0.870 
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Ficus septica Moraceae 0.0107 ± 0.024 0.5771 ± 1.36 
Acmena resa Myrtaceae 0.0087 ± 0.011 0.8916 ± 1.17 
Rhodamnia sessiliflora Myrtaceae 0.0112 ± 0.015 0.8041 ± 1.27 
Syzygium cormiflorum Myrtaceae 0.0141 ± 0.017 1.1688 ± 1.39 
Syzygium kuranda Myrtaceae 0.0064 ± 0.011 0.6805 ± 0.81 
Syzygium luehmannii Myrtaceae 0.0085 ± 0.010 0.6303 ± 0.68 
Cardwellia sublimis Proteaceae 0.0295 ± 0.027 1.5303 ± 1.57 
Darlingia ferruginea Proteaceae 0.0327 ± 0.034 2.1139 ± 2.31 
Lomatia fraxinifolia Proteaceae 0.0278 ± 0.032 1.9182 ± 2.41 
Stenocarpus sinuatus Proteaceae 0.0156 ± 0.018 0.8191 ± 1.04 
Acronychia acidula Rutaceae 0.0114 ± 0.018 0.6026 ± 1.16 
Flindersia brayleyana Rutaceae 0.0183 ± 0.023 1.0719 ± 1.67 
Melicope elleryana Rutaceae 0.0313 ± 0.030 1.3312 ± 1.64 
Melicope jonesii Rutaceae 0.0027 ± 0.005 0.2371 ± 0.73 
Castanospora alphandii Sapindaceae 0.0023 ± 0.010 0.0178 ± 0.83 
Guioa acutifolia Sapindaceae 0.0133 ± 0.014 1.3294 ± 1.74 
Guioa lasioneura Sapindaceae 0.0150 ± 0.018 1.4741 ± 2.12 
Mischocarpus 
lacnocarpus 
Sapindaceae 0.0026 ± 0.007 0.2475 ± 0.81 
 3216 
Appendix 5.6 Pairwise comparisons of species diameter and height growth between 3217 
diversity treatments for seedlings 31 months post planting.  3218 
 3219 
 
Pairwise comparisons Estimate SE z-value P 
Seedling diameter     
Twenty four species - six 
species 
0.072 0.068 1.06 0.539 
Seedling height     
Twenty four species - six 
species 
3.671 4.785 0.767 0.723 
 3220 
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Appendix 5.7 Model summary of seedling diameter growth rates (mm day-1) as a function 3221 
of landscape, neighborhood and species level covariates. 3222 
 3223 
Fixed effects Estimates SE DF t value P 
Intercept 0.053 0.009 227 5.576 >0.001 
Initial stem diameter ( 𝑚𝑚) -0.024 0.003 7031 -7.921 >0.001 
Survival status (living) -0.012 0.003 7017 -3.853 >0.001 
Wood density (g/cm3) 0.019 0.008 45 2.362 0.023 
Adult maximum tree height (m) 0 0 56 -3.455 0.001 
Neighborhood basal area ( mm) 0 0 6661 -4.807 >0.001 
Neighborhood richness (number of species) 0 0 3637 0.354 0.724 
Mean maximum daily temperature (°C) -0.001 0 7011 -4.628 >0.001 
Slope (degrees) 0 0 26 -3.525 0.002 
Distance from forest (log(m)) -0.002 0.001 25 -2.141 0.042 
Initial stem diameter : Survival status 0.007 0.002 7022 4.741 >0.001 
Initial stem diameter : Wood density -0.01 0.002 6892 -5.614 >0.001 
Initial stem diameter : Adult maximum tree 
height 
0 0 6949 4.107 >0.001 
Initial stem diameter : Neighborhood basal area 0 0 7008 4.398 >0.001 
Initial stem diameter : Neighborhood richness 0 0 6927 -2.08   0.038 
Initial stem diameter : Mean maximum daily 
temperature 
0.001 0 7004 9.916 >0.001 
 3224 
 3225 
Appendix 5.8 Model summary of seedling height growth rates (mm day-1) as a function of 3226 
landscape, neighborhood and species level covariates. 3227 
 3228 
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Fixed effects Estimates SE DF t value P 
(Intercept) 5.218 0.819 644 6.372 >0.001 
Initial stem height ( 𝑚𝑚) -0.263 0.034 6611 -7.784 >0.001 
Survival status (living) -0.465 0.156 6958 -2.976 0.003 
Wood density (g/cm3) 2.746 0.566 46 4.849 >0.001 
Seed mass (log (mg)) -0.091 0.023 29 -3.949 >0.001 
Neighborhood mean height (log (mm)) -0.678 0.09 6852 -7.506 >0.001 
Slope (degrees) -0.029 0.005 133 -5.467 >0.001 
Distance from forest (log (m)) -0.416 0.083 116 -4.998 >0.001 
Inorganic Nitrogen (log (mg g-1)) 0.254 0.078 98 3.263 0.002 
Neighborhood richness (number of species) -0.02 0.005 160 -3.721 >0.001 
Mean daily precipitation (mm) 0.138 0.006 5399 24.277 >0.001 
Initial stem height : Survival status 0.034 0.009 6975 3.905 >0.001 
Initial stem height : Wood density -0.124 0.014 5398 -8.926 >0.001 
Initial stem height : Seed mass 0.004 0.001 4622 8.409 >0.001 
Initial stem height: Neighborhood mean 
height 
0.04 0.004 6988 9.889 >0.001 
Initial stem height : Slope 0.001 0 5103 5.122 >0.001 
Initial stem height : Distance from forest 0.014 0.003 4934 4.672 >0.001 
Initial stem height : Inorganic Nitrogen -0.012 0.003 4634 -4.413 >0.001 
 3229 
Appendix 5.9 Relationship between seedling growth rates (mm day-1) and initial stem size 3230 
with climatic and edaphic factors: a) diameter growth for species under low and high mean 3231 
daily maximum temperatures (°C), b) height growth for species under low and high mean 3232 
daily precipitation (mm) and c) diameter growth for species in plots with low and high 3233 
concentrations of inorganic Nitrogen (mg g-1).  Coloured points represent the values below 3234 
(green) and above (gold) the mean of the climatic and edaphic variables included in the 3235 
interaction with initial stem size.  The fitted lines show relationships for the 10th and 90th 3236 
percentile of temperature, precipitation and Nitrogen values.  Other explanatory variables 3237 
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not included in the plotted interactions were held at their means during line fitting. Shaded 3238 
bands represent 95% confidence intervals. 3239 
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